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INTRODUCTION 
 
Lipid homeostasis is of particular interest due to high concentration in central nervous system 
(CNS) second only to adipose tissue. The importance of lipid molecules in cell signalling and tissue 
physiology is demonstrated by many CNS disorders and injuries that involve their deregulated 
metabolism (Wenk, 2005; Adibhatla and Hatcher, 2007). Accordingly, lipid imbalances are 
associated with both neurological disorders (e.g. Alzheimer’s Disease, Parkinson’s Disease, 
Multiple Sclerosis, Huntington’s Disease, Amyotrophic Lateral Sclerosis, Schizophrenia, Bipolar 
Disorders and Epilepsy) and CNS injury (e.g. stroke, traumatic brain injury, and spinal cord injury) 
(Fahy et al., 2005; Adibhatla and Hatcher, 2007).  
Phospholipids are important components of all mammalian cells with discrete biological functions 
ranging from formation of membrane bilayers to be precursors of diverse second messengers as 
well as unconventional neurotransmitters.  Modifications in phospholipids, fatty acid composition 
and cholesterol content alter membrane fluidity and affect a number of cellular functions. It is, 
therefore, conceivable that changes in dietary lipids can influence membrane composition and may 
bear therapeutic potential in diverse disorders, including CNS disorders (Clandinin et al., 1983; 
Confaloni et al., 1988). 
Lipids comprise a large number of chemically different molecules arising from combinations of 
fatty acids with various backbone structures (Wenk, 2005; Adibhatla and Hatcher, 2007) and are 
classified into eight categories: fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, 
sterol lipids, prenol lipids, saccharolipids, and polyketides (Fahy et al., 2005; Adibhatla and Hatcher, 
2007). Fatty acid ethanolamides (FAEs) are comprised in the subtype of the fatty acyls.  
The present thesis aims to extend our knowledge on the role played by lipid molecules such as 
FAEs in physiological functions, and to broaden their activity from the periphery to the CNS. 
 
 
1.1 Fatty acid ethanolamides 
FAEs are amides of long-chain fatty acids with ethanolamine (Figure 1). FAEs are a family of 
naturally occurring lipid signalling molecules, which include the endogenous cannabinoid 
arachidonoylethanolamide (anandamide), the anorexic mediator oleoylethanolamide (OEA), and the 
analgesic and anti-inflammatory mediator palmitoylethanolamide (PEA) (Devane et al., 1992; Di 
Marzo et al., 1994; Calignano et al., 2001). Along with these, stearoylethanolamide and 
linoleoylethanolamide are the most abundant FAEs in animal tissues with anandamide being a 
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minor component in comparison with the four above-mentioned FAEs (Hansen et al., 2001; Hansen 
and Diep, 2009).  
 
 
Figure 1. Chemical structures of FAEs. 
 
 
The study of their pharmacological activity started in the mid-1950s when the anti-inflammatory 
activity of PEA was discovered in peanut oil, soybean lecithin and egg yolk (Coburn et al., 1954; 
Long and Martin, 1956). However, the research had significantly slowed down over the years until 
anandamide (AEA) was identified as an endogenous compound specifically binding to and 
activating type-1 cannabinoid (CB1) receptors in 1992 (Devane et al., 1992). Subsequently, a 
second type of CB receptor (CB2), which is expressed mainly in immune tissues and cells, was 
identified (Showalter et al., 1996). Because of the widespread distribution of CB receptors, their 
endogenous ligands (i.e. endocannabinoids) display a wide array of functions ranging from pain 
perception to energy metabolism and neuroprotection (Basavarajappa et al., 2009; de Kloet and 
Woods, 2009; Richard et al., 2009). Subsequently, it was demonstrated not only that mammalian 
cells produce a wide range of FAEs besides AEA, but also that FAEs other than AEA display 
cannabinoid-like activity (Bachur et al., 1965; Sheskin et al., 1997). However, although many of 
cannabinoid actions are ascribed to activation of CB receptors, studies carried out in knock-out 
mice have disproved the involvement of these receptors solo, thus suggesting the existence of CB 
receptors other than CB1 and CB2 (Wiley and Martin, 2002) and, therefore, the possibility of new 
targets for these lipid signalling molecules (Howlett et al., 2004; Pistis and Melis, 2010). Indeed, a 
certain degree of promiscuity has been ascribed to AEA and some other endocannabinoids, which 
also bind to other receptors, such as transient receptor potential vanilloid type 1 (TRPV1), and 
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nuclear receptor peroxisome proliferator-activated receptor-alpha (PPARα) and -gamma (PPARγ) 
(O'Sullivan, 2007; Starowicz et al., 2007; Sun and Bennett, 2007; Starowicz et al., 2008; Borrelli 
and Izzo, 2009; Pistis and Melis, 2010). 
FAEs are otherwise termed N-acylethanolamines (NAEs), which closely relate them to their 
progenitor N-acyl- phosphatidylethanolamine (NAPE). The formation of NAPE is catalysed by N-
acyltransferase, a ubiquitous Ca2+-activated enzyme, which transfers the Sn-1 fatty acid to 
phosphatidylethanolamine from a donor phospholipid (Hansen et al., 2000; Hansen and Diep, 2009). 
N-acyltransferase is not specific for any fatty acids, since it is supposed to catalyse the transfer of 
any acyl group from the Sn-1 position of donor phospholipids. NAPE, in turn, is converted to NAEs, 
including AEA, by N-acyl-phosphatidylethanolamine-selective phospholipase D (NAPE-PLD) 
(Okamoto et al., 2004).  
NAPE-PLD is expressed in many tissues, including the brain (Morishita et al., 2005; Cristino et al., 
2008; Egertova et al., 2008; Suarez et al., 2008). NAPE-PLD cellular localization is particularly 
remarkable, and it might explain the functional significance of FAEs within the CNS. Indeed, 
postsynaptic localization of NAPE-PLD might suggest that FAEs may be an autocrine signal acting 
retrogradely at presynaptic CB1 receptors, whereas the axonal localization might imply that 
synthesized FAEs may target postsynaptic neurons and modulate synaptic strength. Accordingly, a 
role for FAEs in the modulation of cognitive processes was recently explored, where the role played 
by PPARα was pointed out (Mazzola et al., 2009). 
FAEs hydrolysis is catalyzed by three enzymes: fatty acid amide hydrolase (FAAH) (Cravatt et al., 
1996), FAAH-2 (Wei et al., 2006), and NAE-hydrolyzing acid amidase (NAAA) (Tsuboi et al., 
2005). FAAH hydrolyzes all FAEs with high efficiency, and it is expressed in many different 
tissues and cell types (e.g. brain, small intestine and testis). On the contrary, FAAH-2 is found in 
multiple primate genomes, marsupials, and other vertebrates, but not in mouse and rat (Wei et al., 
2006). NAAA is found in lung, spleen, thymus, and intestine, whose subcellular location is in the 
lysosomes. Importantly, NAAA hydrolyzes PEA to much greater extent than AEA (Tsuboi et al., 
2007). 
Since FAAH catalyzes all FAEs, its pharmacological blockade (e.g. by URB597) and genetic 
deletion not only enhance FAE levels (Cravatt et al., 2001), but also amplify endocannabinoid 
effects (Kathuria et al., 2003; Fegley et al., 2005) mediated by diverse receptors other than CB 
receptors (Jhaveri et al., 2008; Melis et al., 2008; Sagar et al., 2008; Mazzola et al., 2009). 
Noteworthy, the roles played by OEA and PEA are often opposite to those exerted by AEA and, 
more generally, through activation of CB receptors. Thus, nowadays many of the effects of either 
pharmacological blockade (e.g. URB597) or genetic deletion of the FAAH are seen both in the 
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periphery and CNS as the outcome of ups and downs of diverse receptor-mediated pathways, which 
result in/from an interplay between these parallel endogenous systems where small lipid molecules 
co-star. 
Interestingly, elevation of FAEs through pharmacological inhibition of FAAH (URB597) prevents 
nicotine-induced elevation of extracellular dopamine levels in the shell of the nucleus Accumbens, 
development of nicotine-induced conditioned place preference, and acquisition of nicotine self-
administration (Scherma et al., 2008). Additionally, URB597 was proved to prevent reinstatement 
of nicotine seeking (Forget et al., 2009), thus suggesting that targeting FAAH may be a novel 
strategy to prevent relapse for tobacco smoking.  
Tobacco addictive properties are thought to be mediated by activation of midbrain dopamine cells 
by its active ingredient nicotine (Mereu et al., 1987; Pidoplichko et al., 1997; Balfour, 2004; 
Changeux, 2010). Acutely, stimulation of mesolimbic DA transmission is considered as a hallmark 
of all drugs of abuse (Volkow et al., 2004) and nicotine makes no exception to this rule 
(Pidoplichko et al., 1997). The molecular mechanisms underlying nicotine-induced excitation of 
midbrain dopamine neurons were begun to be identified in 1997 (Pidoplichko et al.). Shortly after, 
the intimate knowledge of the nicotinic acetylcholine receptor subunits key in such an effect was 
discovered through deletion of these latter in transgenic mice (Picciotto et al., 1998). Ever since, 
nicotine actions have been dissected by examining the role of nAChRs on behaviours such as 
reward, cognition and locomotion (Picciotto and Corrigall, 2002; Mineur and Picciotto, 2008; 
Brunzell and Picciotto, 2009; Changeux, 2010).  
However, how increased FAE levels might prevent nicotine behavioral effects is still an unsolved 
issue. 
 
 
1.2 Nicotinic Acetylcholine Receptors 
The nicotinic acetylcholine receptor (nAChR) is the first membrane receptor of a neurotransmitter 
and ion channel characterized as a protein (Changeux et al., 1970), whose biochemical isolation 
represents a landmark in the history of pharmacology.  
nAChRs are cholinergic receptors forming ligand-gated ion channels in the plasma membranes of 
neurons and on the postsynaptic side of the neuromuscular junction. Being ionotropic receptors, 
nAChRs are directly linked to an ion channel (Itier and Bertrand, 2001).  
nAChR are present in many tissues and are the best-studied of the ionotropic receptors (Itier and 
Bertrand, 2001). nAChRs are made up of five subunits, arranged symmetrically around a 
central pore (Itier and Bertrand, 2001), and are generally classified into two subtypes based on their 
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expression: muscle-type and neuronal-type nicotinic receptors. Because muscle-type nAChRs have 
not been the subject of the present thesis, I here focus on the neuronal-type nAChRs. 
The neuronal subtypes are various homomeric or heteromeric combinations of twelve different 
nAChR subunits: α2-α10 and β2-β4. Examples of the neuronal subtypes include the homomeric 
(α7)5 and the heteromeric  (α4)3(β2)2, (α4)2(β2)3 (Figure 2). Homomeric nAChRs show less affinity 
for agonists than those containing α4β2 subunits, but they desensitize more rapidly than these latter 
(Changeux, 2010). 
 
 
Figure 2. Structure of nicotinic acetylcholine receptors. (A) Nicotinic acetylcholine receptors (nAChRs) are 
transmembrane oligomers consisting of five subunits. (B) The two main types of brain nAChRs are the α7 
homo‑oligomer, characterized by a fast activation, a low affinity and a high calcium permeability, and the α4β2 
hetero‑oligomer, featured by a high affinity and slow desensitization (Taly et al., 2005; Taly et al., 2009).  
 
 
Similarly to the other ligand-gated ion channels, the opening of nAChR channel pore 
requires the binding of the ligand, that is acetylcholine (ACh). Other agonists of the 
nAChR are nicotine, epibatidine, and choline. The dynamic behavior of this ion channel can be 
regarded as the independent combination of conformational changes (i.e. gating and desensitization) 
and two ligand-binding steps in the form of cyclic reaction schemes in the context of a two-state 
model (Monod et al., 1965; Karlin, 1967; Edelstein and Changeux, 1998) (Figure 3).  
Upon binding ACh, the nAChR ion channel is stabilized in the open conformation for several 
milliseconds, then the open pore of the receptor/channel closes to a resting state or closes to a 
desensitized state that is unresponsive to ACh or other agonists for many milliseconds or more 
(Dani, 2001). Consistent with its physiological role, the closed ⇋ open reaction (gating) of the 
diliganded nAChR is much more favorable (Salamone et al., 1999) than the one of the unliganded 
receptor (Jackson, 1986; Grosman and Auerbach, 2000). 
The affinity of the nAChR for ACh is, therefore, higher in the open than in the closed state. The rate 
at which nAChRs proceed through the various conformational states as well as the selectivity with 
which they conduct cations in the open state depend on many factors, including the subunit 
composition (Dani, 2001). As a result, the extensive nAChR diversity produces many different 
A B
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responses to agonists (Dani, 2001): particularly, speed of activation, intensity of membrane 
depolarization, size of the ionic signal, desensitization rate, recovery from desensitization, and 
pharmacology, they all depend on the subunit composition of nAChRs as well as other local factors. 
 
 
 
Figure 3. The Wyman Monod Changeux  (WMC) model describes allosteric transitions of proteins made up of 
identical subunits. It was proposed by Jean-Pierre Changeux, and described by Jacques Monod, Jeffries Wyman, 
and Jean-Pierre Changeux himself. It stands in opposition to the sequential model (Tschudy and Bonkowsky, 1973). 
The main idea of the model is that regulated proteins, such as enzymes and receptors, exist in different interconvertible 
states in the absence of any regulator. The ratio of the different conformational states is determined by 
thermal equilibrium. The regulators merely shift the equilibrium toward one state or another, that is to say 
an agonist will stabilize the active form of a receptor. Phenomenologically, it looks as if the agonist provokes the 
conformational transition. One crucial feature of the WMC model is the dissociation between the binding function (the 
fraction of protein bound to the regulator), and the state function (the fraction of protein under the activated state).  
In the historical WMC model, each allosteric unit, called a protomer (generally assumed to be a subunit), can exist in 
two different conformational states - designated 'O' (for open) or 'C' (for closed) states. In any one molecule, all 
protomers must be in the same state. That is to say, all subunits must be in either the O or the C state. This model does 
not predict proteins with subunits in different states. The O state has a higher affinity for the ligand than the C state. 
Because of that, although the ligand may bind to the subunit when it is in either state, the binding of a ligand will 
increase the equilibrium in favor of the O state. 
 
 
 
When an agonist binds to the site, all subunits undergo a conformational change, the channel opens 
and positively charged ions move across it; particularly, sodium and potassium enter the cell (some 
subunit combinations are also permeable to calcium) resulting in a net inward flow of positively-
charged ions (Itier and Bertrand, 2001). Noteworthy, since some nAChRs are permeable to calcium, 
they can affect the release of other neurotransmitters (Itier and Bertrand, 2001). 
The activation of nAChRs modifies neuronal state through two main mechanisms. First, the net 
flow of positively-charged ion depolarizes the membrane, resulting in an excitatory postsynaptic 
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potential, and activates voltage-gated ion channels. Secondly, calcium entry acts either directly or 
indirectly on discrete intracellular cascades with consequent regulation of the activity of 
some genes and/or the release of neurotransmitters.  
nAChRs are regulated by a phenomenon described by Katz and Thesleff (1957) as ligand-bound 
desensitisation. This was defined as a decreased responsiveness of the receptor toward a stimulus 
resulting from prolonged or repeated exposure to the stimulus itself. As already mentioned, kinetic 
parameters including desensitization depend on the subunit composition, and modulatory processes, 
such as protein kinases, influence nAChRs subtypes differently and selectively (Huganir and 
Greengard, 1983; Safran et al., 1987; Pitchford et al., 1992; Paradiso and Brehm, 1998; Fenster et 
al., 1999c; Fenster et al., 1999b; Fenster et al., 1999a; Charpantier et al., 2005). Notably, 
desensitised receptors can revert back to a prolonged open state when an agonist is bound in the 
presence of a positive allosteric modulator (Hurst et al., 2005). Importantly, receptor desensitisation 
has also been modelled in the context of a two-state mathematical model, that is the WMC model.  
 
To elucidate the contribution of different nAChR subunits to nicotine actions, new strategies 
have been developed over the years. These include deletions (Picciotto et al., 1995; Picciotto et al., 
1998) of almost all known nAChR subunit genes (Greenbaum and Lerer, 2009), and targeted 
knock-in gene mutations yielding gain-of-function receptor subunits (Orr-Urtreger et al., 2000; 
Tapper et al., 2004; Klaassen et al., 2006; Zhao-Shea et al., 2010). Re-expression of a deleted gene 
either using inducible transgenic expression systems (King et al., 2003) or by stereotaxically 
injecting a lentiviral vector carrying the missing gene (Maskos et al., 2005; Avale et al., 2008; Tolu 
et al., 2009) or the relevant small interfering RNA (le Novere et al., 1999; Avale et al., 2008) has 
also been recently developed. Hence, these mutant animals provide the tools to analyze the relative 
contribution of diverse nAChR subunits to both neuronal firing patterns and behaviours elicited by 
nicotine (Mameli-Engvall et al., 2006; Maubourguet et al., 2008; Changeux, 2010). Ultimately, 
these studies provide the key to understand function and dysfunction of nicotinic systems, and how 
they are significant for brain diseases such as addiction, schizophrenia, Alzheimer's disease, 
Parkinson’s disease, Tourette's syndrome, and ADHD. In fact, ACh through activation of nAChRs 
increases arousal, heightens attention, influences REM sleep, produces euphoria, decreases fatigue 
and anxiety, acts as an analgesic, and influences a number of cognitive functions (Levin, 1992; 
Everitt and Robbins, 1997; Adler et al., 1999; Marubio et al., 1999). Particularly, ACh, by 
increasing the signal-to-noise ratio and by helping to evaluate the significance and relevance of 
stimuli, affects discriminatory processes.  
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Although cholinergic neurons are widely distributed, we can identify two major cholinergic 
projections. The first one arises from neurons in the pedunculopontine tegmentum and the 
laterodorsal pontine tegmentum, thus providing a widespread innervation mainly to 
the thalamus and midbrain, and also descending innervation  reaching the brainstem. The second 
projection arises in the basal forebrain and makes broad projections throughout the cortex 
and hippocampus. Since a relatively small number of cholinergic neurons make spare projections, 
which can reach very large areas, the activity of few cholinergic neurons can influence relatively 
large neuronal structures (Dani, 2001). Importantly, ACh controls dopamine (DA) neuron firing 
pattern and frequency through activation of nAChRs (Mameli-Engvall et al., 2006), and an 
imbalance between DA/ACh function is often associated in diverse brain disorders (Garcia-Rill et 
al., 1995; Sarter et al., 2006; Avena, 2007; Maskos, 2008; McClernon and Kollins, 2008; Zhao-
Shea et al., 2010).  
 
 
1.3 Dopamine systems 
Dopamine (DA) is one of many neurotransmitters found in the CNS, as well as one of the most 
heavily examined brain chemicals of the past decades. Because of its roles in a part of the brain 
keenly sensitive to relationships (i.e. pair bonding), in the regulation of mood and affect, as well as 
in appetitive motivation, learning and reward processes (both natural and maladaptive), the 
mesolimbic DA pathway has received special attention from neuropsychopharmacologists (Wise, 
2004; Young and Wang, 2004).  
This circuitry is stimulated in both rewarding interactions such as maternal bonding, mating, social 
affiliation and cooperation, and aversive experiences such as exposure to aggression or rejection. As 
a result, when this system works normally one can perceive feelings of pleasure and well-being, 
while its impairment will cause displacement of these latter feelings with anxiety, anger, low self-
esteem, and/or other "bad feelings" (Comings et al., 1996). It has been suggested that such 
abnormalities in mesolimbic DA transmission might eventually lead to cravings for drugs and/or 
behaviors aimed at masking or relieving those “bad feelings” such as binge eating, drug abuse or to 
other addictive behaviors such as compulsive gambling, compulsive sex, or risk taking activities 
(Green et al., 1999; Comings and Blum, 2000; Blum et al., 2008a; Blum et al., 2008b).  
Because the mesolimbic system is associated with feelings of reward and desire, this pathway is 
profoundly implicated in the neurobiological hypothesis of addiction, schizophrenia, depression and 
ADHD (Melis et al., 2005; Laviolette, 2007; Friedman et al., 2008; Pitchot et al., 2008; Koob and 
Volkow, 2010). Particularly, drug addiction is envisaged as the loss of control over drug use or the 
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compulsive seeking and taking of drugs despite adverse consequences (Baler and Volkow, 2006). 
Similarly to drug addiction, schizophrenia and depression show similar structural changes within 
dopaminergic circuitry (Laviolette, 2007; Pitchot et al., 2008). Lastly, evidence from brain imaging 
studies have shown that brain DA neurotransmission is disrupted in ADHD (Ernst et al., 1999; Lou 
et al., 2004; Volkow et al., 2007b; Volkow et al., 2007a; Volkow et al., 2009), thus suggesting that 
these deficits may underlie the core symptoms of inattention (Volkow et al., 2007a) and impulsivity 
(Rosa Neto et al., 2002). Animal models of these brain disorders have greatly aided our 
understanding of the mechanisms that regulate affect and emotions, in particular for evolutionarily 
conserved states such as anxiety and fear. In fact, there is an intriguing overlap between the brain 
areas involved in addiction and those associated with mood and anxiety disorders. Additionally, 
DA-related reward regions of the mammal brain, which are active when reward is perceived, show 
similar activation patterns in adaptive or maladaptive decision-making in human beings (Linnet et 
al., 2009).  
The mesolimbic DA system originates in the ventral tegmental area (VTA) where DA cell 
bodies projecting to limbic subcortical areas (i.e., NAcc, amygdala, and olfactory tubercle) and to 
limbic cortices (i.e., medial prefrontal, cingulated, and entorhinal) constitute the mesolimbocortical 
system (Anden et al., 1966; Ungerstedt, 1971; Lindvall et al., 1974; Bjorklund and Lindvall, 1975; 
Loughlin and Fallon, 1983) (Figure 4).  
This system has been extensively characterized by means of electrophysiological techniques both in 
vivo (Bunney et al., 1973; Bunney and Aghajanian, 1977) and in vitro (Grace and Onn, 1989; Lacey 
et al., 1989; Johnson and North, 1992a, b).  
In vivo, VTA DA neurons display a typical firing pattern that is either single spiking or consisting 
of bursts of action potentials (Bunney et al., 1973; Grace and Bunney, 1984a,b). The bursting mode 
has been shown to be more efficient in increasing DA outflow in the terminal regions than the 
single-spike firing mode (Gonon and Buda, 1985; Gonon, 1988; Bean and Roth, 1991; Overton and 
Clark, 1997); therefore, it might mediate synaptic changes and contribute to reward-related learning 
processes (Gonon, 1988; Schultz, 1997; Reynolds et al., 2001; Reynolds and Wickens, 2002; 
Wightman and Robinson, 2002).  
In vitro, VTA DA cells are mainly characterized by a regular (pacemaker-like), single-spike 
spontaneous firing (Johnson and North, 1992a; Lacey, 1993), presumably because of the loss of 
extrinsic afferents impinging on these neurons. Under these conditions, VTA DA cells can also 
display burst activity when N-methyl-d-aspartate (NMDA) (Johnson et al., 1992) and the small-
conductance Calcium-dependent potassium channel (SK) blocker, apamin, are applied (Seutin et al., 
1993). Otherwise, DA cells can switch from the pacemaker-like firing to a bursting mode when 
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group I mGluRs are activated and SK reduced (Mercuri et al., 1993; Prisco et al., 2002; Zheng and 
Johnson, 2002). Both types of patterns might bear relevance in information coding and ultimately 
result in the translation of the glutamatergic signal into the DAergic one onto their target neurons in 
the forebrain.  
 
 
Figure 4. Sagittal section through a representative rodent brain illustrating the pathways and receptor systems 
implicated in the acute reinforcing actions of drugs of abuse. The blue arrows represent the interactions within the 
extended amygdala system hypothesized to have a key function in drug reinforcement. The medial forebrain bundle 
represents ascending and descending projections between the ventral forebrain (nucleus accumbens, olfactory tubercle, 
septal area) and the ventral midbrain (VTA) (Koob and Volkow, 2010). 
AC, anterior commissure; AMG, amygdala; ARC, arcuate nucleus; BNST, bed nucleus of the stria terminalis; Cer, 
cerebellum; C-P, caudate-putamen; DMT, dorsomedial thalamus; FC, frontal cortex; Hippo, hippocampus; IF, inferior 
colliculus; LC, locus coeruleus; LH, lateral hypothalamus; N Acc., nucleus accumbens; OT, olfactory tract; PAG, 
periaqueductal gray; RPn, reticular pontine nucleus; SC, superior colliculus; SNr, substantia nigra pars reticulata; VP, 
ventral pallidum; VTA, ventral tegmental area. 
 
 
The striking differences between the characteristics of VTA DA cells recorded in vivo and in vitro 
reveal the weight of the inputs on the control of both the spontaneous activity of these neurons 
(Johnson and North, 1992a) and the somatodendritic DA release (Chen and Rice, 2002), which 
contributes to the regulation of the burst firing through a network feedback mechanism (Paladini et 
al., 2003). VTA DA cells possess an additional self-regulatory mechanism that involves the 
endocannabinoids, retrograde messengers that earned the status of unconventional 
neurotransmitters (Freund et al., 2003). In fact, VTA DA cells release endocannabinoids in an 
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activity-dependent manner, which depress glutamatergic afferents on mesolimbic DA cells (Melis 
et al., 2004a) and ultimately their own firing activity and pattern (Melis et al., 2004b).  The afferent 
inputs to VTA DA neurons comprise glutamatergic (Christie et al., 1985; Sesack and Pickel, 1992; 
Carr and Sesack, 2000; Geisler et al., 2007), GABAergic (Waddington and Cross, 1978), 
cholinergic (Semba and Fibiger, 1992; Oakman et al., 1995; Garzon et al., 1999), serotonergic 
(Herve et al., 1987), and noradrenergic fibers (Mejias-Aponte et al., 2009; Sara, 2009). In such a 
complex picture, changes of the amount of excitatory and inhibitory inputs onto the DA neuron 
influence neuronal excitability and, therefore, the behavioral actions of DA itself (Melis et al., 
2005). Because changes in DA cell activity are reflected in the dynamics of micro-circuits 
generating altered responses to stimuli/inputs, factors regulating their state are fundamental. Among 
these, endogenous ligands to the nuclear receptor-transcription factor peroxisome proliferator-
activated receptors type-alpha (PPARα) have been recently shown to suppress nicotine-induced 
responses of midbrain DA neurons in vivo. 
 
 
1.4 Peroxisome Proliferator-Activated Receptors (PPAR) 
Nuclear receptor transcription factors peroxisome proliferator-activated receptors (PPARs) have 
long been known for controlling the expression of genes related to lipid and glucose homeostasis as 
well as inflammatory responses (Feige et al., 2006; Michalik et al., 2006; Michalik and Wahli, 
2006; Bensinger and Tontonoz, 2008; Michalik and Wahli, 2008).  
Derangement of PPAR pathways promotes diseases, such as obesity, type 2 diabetes, 
cardiovascular diseases, cancer, neurodegenerative diseases, hypertension, and chronic 
inflammation (Michalik et al., 2006; Michalik and Wahli, 2006; Heneka and Landreth, 2007; 
Heneka et al., 2007; Bensinger and Tontonoz, 2008; Michalik and Wahli, 2008; Aleshin et al., 
2009). As a result, PPARs and their downstream pathways are under intensive investigation. 
FAEs as well as unsaturated fatty acids are endogenous ligands of PPARs (Michalik et al., 
2006). Three isoforms, namely type α, β/δ, and γ, have been described so far (Michalik et al., 2006). 
Despite their differences in function and distribution, PPARs share the same general structure and 
molecular mechanism of action (Ferre, 2004). Being members of the nuclear receptor supergene 
family, their most recognized mechanism of action is regulation of gene transcription (Berger and 
Moller, 2002). Hence, upon ligand binding, PPARs undergo conformational changes, which 
promote dissociation of corepressor proteins (which possess histone deacetylation activity), and 
enable the association of coactivators and coactivator proteins. Subsequently, PPARs form 
heterodimers with the retinoid X receptor (RXR) and subsequently bind to PPAR response elements 
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(PPRE) in the regulatory region of target genes (Michalik et al., 2006; Ricote and Glass, 2007). The 
ultimate result is either an increased or decreased gene transcription, and this mainly depends on the 
target gene. The above mentioned mechanism represents the most recognized one, hence termed 
“classical” mechanism. Nonetheless, the very picture of PPAR mechanism of action is composite 
with several variations of this scenario (Gelman and Auwerx, 1999; Gelman et al., 1999; Escher 
and Wahli, 2000; Kersten et al., 2000). For example, PPARs can interact with other nuclear 
receptors, including the thyroid hormone receptor (Feige and Auwerx, 2007), and form non-RXR 
heterodimers. Alternatively, PPARs participate in the regulation of gene expression in a DNA-
binding independent manner. Further, being PPAR a phosphoprotein, whose activity is regulated by 
phosphorylation in addition to ligand binding, several kinase pathways can affect PPAR activity 
(Zhang et al., 1996a; Zhang et al., 1996b; Camp and Tafuri, 1997; Chan et al., 2001; Hsi et al., 
2001).  
Similarly to the other nuclear receptors, PPAR function can be significantly modified by a number 
of co-activator and co-repressor proteins (Yu and Reddy, 2007). Nowadays, over 200 nuclear 
receptor cofactors have been discovered for which the functional significance is not clear yet. 
However, emerging evidence points to key role played by co-regulators in affecting the function of 
many nuclear receptors including PPARs (McKenna and O'Malley, 2002b, a; Lonard and O'Malley, 
2006). Particularly, the binding of co-repressors to nuclear receptors occurs in the unliganded state, 
and can be stabilized by antagonists. Hence, a ternary complex is formed by PPARα ligand-binding 
domain bound to the PPARα antagonist and a SMRT co-repressor motif. Consequently, the co-
repressor motif adopts changes (i.e. a three-turn α-helix) preventing the receptor from assuming the 
active conformation (Xu et al., 2002). As a result, these accessory molecules confer to nuclear 
receptors, including PPARs, a considerable functional flexibility.  
Noteworthy, non-genomic actions have also been recently ascribed to PPARs (Gardner et al., 2005; 
Melis et al., 2008; Ropero et al., 2009). In this scenario, their location is within the cytosol, where 
peroxisome proliferators bind to PPARs with a consequent conformational change. A non-genomic 
mechanism would explain the rapid actions observed, which involve signaling pathways similar to 
those described for many other nuclear receptor ligands (Losel and Wehling, 2003; Losel et al., 
2003; Moraes et al., 2007). The hypothesis of a non-genomic mechanism is substantiated by several 
observations. First, PPARs have been found in human platelets (Akbiyik et al., 2004; Ali et al., 
2006), which are anucleated cells and, therefore, represent an excellent experimental model system 
to study this kind of interactions. Second, PPAR effects are rapid in onset, since occur in a short 
time scale (2-5 min) (Melis et al., 2008; Ropero et al., 2009; Melis et al., 2010), thus ruling out the 
possibility of a genomic mechanism of action. Additionally, PPAR activation induced production of 
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cytosolic effectors, such as reactive oxygen species, and, importantly, PPAR actions were still 
occurring in the presence of protein and mRNA synthesis inhibitors (Ropero et al., 2009; Melis et 
al., 2010). Lastly, PPAR effects were abolished by the general inhibitor of tyrosine kinases (i.e. 
genistein), thus suggesting that PPARs exert their effects through activation of a tyrosine kinase 
(Melis et al., 2008).  
Remarkably, an interplay between PPAR isotypes has been suggested when PPARβ/δ activation 
resulted in repression of PPARγ- and PPARα-mediated activation of target gene expression (Shi et 
al., 2002), and when PPARβ/δ -dependent PPARγ-activation was demonstrated (Consilvio et al., 
2004). These results indicate that a functional cross-talk between PPARs exists concerning the 
control of their expression levels. Noteworthy, PPARs can also exert a dichotomous control of 
diverse phospholipase A(2) isotypes -important players of astrocyte responses to various 
proinflammatory substances- depending on the conditions: particularly, this control appears to be 
opposite under physiological rather than pathophysiological circumstances (Sergeeva et al., 2010). 
As a result, the general picture emerging from these multiple mechanisms of action and interaction 
indicates PPARs as metabolic switches, which convergently regulate metabolic pathways through 
their pleiotropic interactions with nuclear receptors, other transcription factors and surface 
expressed receptors. Unraveling the mechanisms through which PPARs exert such a powerful 
control is, therefore, compelling. 
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2. SPECIFIC AIMS OF THE STUDY 
 
1) To investigate whether FAEs can suppress nicotine-induced stimulation of VTA dopamine 
(DA) neuron firing rate through the peroxisome-proliferator-activated receptor-α (PPARα) 
and to elucidate their mechanism of action in an in vitro brain slice preparation. 
 
2) To determine whether there is an interaction between PPARα and nAChRs in VTA DA 
cells: particularly, to characterize the postsynaptic effects of PPARα modulation on VTA 
DA neurons, and to examine the contribution of nAChRs in the effects.  
 
3) To study whether PPARα modulation of nAChRs in VTA DA neurons might confer DA 
cells to access distinct firing patterns and/or to change their firing frequency both in vivo 
and in vitro. 
 
4) To examine the physiological relevance of PPARα modulation of nAChR stimulation 
through behavioral analysis. 
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3. MATERIALS AND METHODS 
3.1 Animals 
All procedures were performed in accordance with the Guidelines for the Care and Use of 
Mammals in Neuroscience and Behavioral Research (National Research Council 2004) and EEC 
Council Directive (219/1990 and 220/1990) and approved by Animalerie centrale and Médecine du 
travail, Institut Pasteur. We made all efforts to minimize pain and suffering, and to reduce the 
number of animals used. Animals were housed in groups of three to six in standard conditions of 
temperature and humidity under a 12h/12h light/dark cycle (with lights on at 7.00 am) with food 
and water available ad libitum. 
Male Sprague Dawley rats (Harlan Nossan, San Pietro al Natisone, Italy) at different ages were used 
for electrophysiologycal experiments: 14-21 and 21-46 d old for whole cell patch clamp, and 
evoked field potential recordings, respectively.  Rats (63-90 d old) were used for and in vivo single 
unit extracellular recordings and behavioral analysis. 
C57BLJ/6 mice (60-180 d; Harlan Nossan, San Pietro al Natisone, Italy) were used for behavioral 
observations.   
β2-/-, β2+/+ and β2-DA-VEC mice (see below for detailed information) at different ages were used 
for electrophysiological experiments: particularly, mice 21-36 and 100-120 d old were used for 
whole cell patch clamp, and evoked field potential recordings, respectively.  β2-/-, β2+/+ and β2-DA-
VEC mice 100-120 d old were used for behavioral analysis. 
3.1.1. Mice 
A line expressing Cre recombinase under the control of the dopamine transporter promoter, line 
DAT-Cre (Tolu et al., 2009), was backcrossed for several generations with the B2-nAChR knock-
out line ACNB2. The resulting mice used in this study were heterozygous for the Cre transgene and 
homozygous for the B2 knock-out, Cre+-; B2 -/-. 
Lentivirus stereotaxic injections 
Mice (56-60 d) were anaesthetized using 250µl of ketamine 1.5% (Merial, France)/xylazine 17.5% 
(Bayer Healthcare, France) in PBS. They were introduced into a stereotaxic frame adapted for use 
with mice. Lentivirus (2µl at 75ng p24 protein per µl) was injected bilaterally at: antero-posterior -
3.4mm, lateral ±0.5mm from Bregma and -4.4mm from the surface for VTA injection. The mice 
were tested beginning after 4 to 6 weeks of viral expression. 
Lentiviral reexpression vector 
The PDGF-flox LV vector (Tolu et al., 2009) was modified to contain the cDNA of the B2 nAChR 
subunit instead of the eGFP reporter gene. Injection of the vector into DAT-Cre mice leads to 
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recombination and subsequent expression of the B2 subunit on a B2-/- background exclusively in 
DA neurons.  
 
3.2 Drugs and Chemicals 
Nicotine ((-)-nicotine hydrogen tartrate), fenofibrate, catalase, sodium-orthovanadate were 
purchased from Sigma (Italy). OEA, PEA, mAEA, AM281, AM251, capsazepine, WY14643, 
MK886, GW6471, mecamylamine, methyllycaconitine, dihydro-β-erythroidine, PP2 and genistein 
were purchased from Tocris. For the in vivo experiments WY14643 was dissolved in 10% Tween 
80 and 20% DMSO of final volume. 
 
3.3 Electrophysiological experiments 
3.3.1. Electrophysiological studies in vitro 
Whole cell patch clamp recordings from Sprague Dawley rat and mouse VTA DA cells were as 
described previously (Melis et al., 2006). Briefly, male Sprague Dawley rats or β2-/- and β2+/+ mice 
were anesthetized with halothane and killed. A block of tissue containing the midbrain was rapidly 
dissected and sliced in the horizontal plane (300 and 230 µm for rat and mouse slices, respectively) 
with a vibratome (VT1000S, Leica) in ice-cold low-Ca2+ solution containing (in mM): 126 NaCl, 
1.6 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 0.625 CaCl2, 18 NaHCO3, and 11 glucose. Slices were 
transferred to a holding chamber with artificial cerebrospinal fluid (ACSF, 37° C) saturated with 
95% O2 and 5% CO2 containing (in mM): 126 NaCl, 1.6 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.4 CaCl2, 
18 NaHCO3, and 11 glucose. Slices (two per animal) were allowed to recover for at least 1 hr before 
being placed (as hemislices) in the recording chamber and superfused with the ACSF (37° C) 
saturated with 95% O2 and 5% CO2. Cells were visualized with an upright microscope with infrared 
illumination (Axioskop FS 2 plus, Zeiss), and whole-cell current- and voltage-clamp recordings 
(one per hemislice) were made by using an Axopatch 200B amplifier (Molecular Devices, CA). 
Current-clamp experiments were made with electrodes filled with a solution containing the 
following (in mM): 144 KCl, 10 HEPES, 3.45 BAPTA, 1 CaCl2, 2.5 Mg2ATP, and 0.25 Mg2GTP 
(pH 7.2-7.4, 275-285 mOsm). Experiments were begun only after series resistance had stabilized 
(typically 15-40 MΩ). Series and input resistance were monitored continuously on-line with a 5 mV 
depolarizing step (25 ms). Data were filtered at 2 kHz, digitized at 10 kHz, and collected on-line 
with acquisition software (pClamp 8.2, Axon Instruments, CA). Dopamine neurons from the 
posterior VTA were identified by the presence of a large Ih current (Johnson and North, 1992a) that 
was assayed immediately after break-in, using a series of incremental 10 mV hyperpolarizing steps 
from a holding potential of -70 mV. Dopamine cells with long duration action potentials > 3 ms 
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(measured from the action potential threshold to the maximum after-hyperpolarization period) 
responded to DA (30 µM, 5 min) with a hyperpolarization (10.4 ±0.4 mV, n=23, data not shown) 
and were selected for recording (Margolis et al., 2008). Additionally, the second derivative of the 
action potential of the recorded cells originated the waveform (Lammel et al., 2008) that has been 
used for cell identification of DA neurons in many in vivo extracellular studies (Grace and Bunney, 
1983; Melis et al., 2006), including the present one. Each slice received only a single drug exposure. 
Drugs were applied in known concentrations to the superfusion medium.  
Evoked field potential recordings were as described previously (Nugent et al., 2008). A block of 
tissue containing the midbrain was obtained from male Sprague Dawley rats or β2-/-, β2+/+, β2-DA-
VEC mice. Field potentials were stimulated at 0.1 Hz (100 ms pulse) using a bipolar stainless-steel 
stimulating electrode placed 100–300 µm rostral to the recording site in the VTA (Nugent et al., 
2008). Extracellular evoked recordings were made with electrodes filled with a solution containing 
NaCl (2 M). All the drugs were dissolved in DMSO. The final concentration of DMSO was < 
0.01 %.  
 
3.3.2. Electrophysiological study in vivo 
Male Sprague Dawley rats were anesthetized with chloral hydrate (400 mg/kg, i.p.), their femoral 
vein was cannulated for i.v. administration of pharmacological agents and they were placed in the 
stereotaxic apparatus (Kopf, Tujunga, CA, USA) with their body temperature maintained at 37±1°C 
by a heating pad. Thereafter, the scalp was retracted, and one burr hole was drilled above the VTA 
(AP, -6.0 mm from bregma; L, 0.3–0.6 mm from midline) for the placement of a recording 
electrode. Single unit activity of neurons located in VTA (V, 7.0–8.0 mm from the cortical surface) 
was recorded extracellularly with glass micropipettes filled with 2% pontamine sky blue dissolved 
in 0.5 M sodium acetate (impedance, 2–5 MΩ). Single unit activity was filtered (bandpass, 500–
5,000 Hz) and individual spikes were isolated by means of a window discriminator (Digitimer, 
Hertfordshire,UK), displayed on a digital storage oscilloscope (TDS 3012, Tektronics, Marlow, 
UK). Experiments were sampled on line and off line with Spike2 software (Cambridge Electronic 
Design, Cambridge, UK) by a computer connected to CED 1401 interface (Cambridge Electronic 
Design, Cambridge, UK). Single units were isolated and identified according to the already 
published criteria (Melis et al., 2006). VTA DA neurons were selected when all criteria for 
identification were fulfilled: firing rate, <10 Hz; duration of action potential >2.5 ms as measured 
from start to end, inhibitory responses to hindpaw pinching (Ungless et al., 2004). Bursts were 
defined as the occurrence of two spikes at interspike interval <80 ms, and terminated when the 
interspike interval exceeded 160 ms (Grace and Bunney, 1983). 
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3.4. Behavioral study 
3.4.1. Locomotor activity  
C57BLJ/6 mice were individually tested for motor activity under standardized environmental 
conditions with a Digiscan Animal Activity Analyser (Ominitech Electronics, Columbus, Ohio). 
Each cage (42 cm x 30 cm) had two sets of 16 photocells located at right angles to each other, 
projecting horizontal infrared beams 2.5 cm apart and 2 cm above the cage floor and a further set of 
16 horizontal beams which height could be adapted to the size of the animals. Basal horizontal and 
vertical activity were measured as total number of sequential infrared beam breaks in the horizontal 
or vertical sensors, recorded every 5 minutes, beginning immediately after placing the animals in 
the cage, over a period of 120 minutes. To evaluate the effect of nicotine (0.02 mg/kg, s.c.) on 
locomotor behaviour, animals were habituated to the apparatus for 60 minutes after administration 
of WY14643 (40 mg/kg, i.p.) or its vehicle (10 ml/kg, i.p.). Horizontal locomotor activity was 
assessed every 10 minutes for an additional period of 60 minutes after nicotine administration. All 
behavioral experiments were conducted between 10:00 am and 3:00 pm. 
 
3.4.2. Prepulse inhibition of the acoustic startle response 
Rats were placed in a startle reflex apparatus (PPI) (Med Associates, St Albans, VT, USA) for a 5-
min acclimatization period with a 70 dB background noise, which continued for the remainder of 
the session. Each session consisted of three consecutive sequences of trials. During the first and the 
third sequence, the rats were presented with five pulse-alone trials of 115 dB. The second sequence 
consisted of 50 trials in pseudorandom order, including 12 pulse-alone trials, 30 trials of pulse 
preceded by 73, 76, or 82 dB prepulses (10 for each level of prepulse loudness), and eight no-
stimulus trials, where only the background noise was delivered. The duration of pulses and 
prepulses was 80 and 40 ms, respectively. Prepulse–pulse delay amounted to 100 ms. Intertrial 
intervals were selected randomly between 10 and 15 s. Percent PPI was calculated with the 
following formula: 100−[(mean startle amplitude for prepulse–pulse trials/mean startle amplitude 
for pulse-alone trials) × 100]. 
The goal of this experiment was to verify the effects of WY14643 (WY, 40mg/kg/2ml, i.p.) on the 
PPI disruption mediated by apomorphine (APO, 0.25mg/kg/ml, s.c.). Thus, animals received WY or 
its vehicle (VEH, SAL/DMSO, 1:1, v/v) 30 min before either APO or saline treatment. Immediately 
after APO or SAL injection, rats were placed in the startle chamber and subjected to behavioral 
testing (n=6-11 animals per group). 
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3.5. Biochemical analysis 
3.5.1. Measurement of FAE levels.  
AEA, PEA, and OEA from midbrain slices (300 µm) were measured as previously described (Di 
Marzo et al., 2001; Melis et al., 2006) and expressed as percentage of molarity to avoid artifacts due 
to diverse water content in the tissue.  
 
3.6. Statistical analysis  
All the numerical data are given as mean ± S.E.M.. Data were compared and analyzed by utilizing 
two-way ANOVA for repeated measures (treatment×time), or one-way ANOVA or Student’s t-test 
for repeated measures, when appropriate. Post hoc multiple comparisons were made using the 
Dunnett’s test. Statistical analysis was performed by means of the NCSS program. The significance 
level was established at P<0.05. For PPI experiments all analyses were conducted using Statistica 
(Statsoft, Tulsa, USA). The significance of differences between groups was determined by two-way 
analysis of variance (ANOVA) with pretreatment (WY vs VEH) and treatment (APO vs SAL) as a 
between-subjects factor, followed by Tukey's test for multiple comparisons. 
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4. RESULTS 
4.1 FAEs suppress nicotine-induced stimulation of VTA dopamine neuron firing rate through 
the peroxisome-proliferator-activated receptor-α (PPARα) in an in vitro brain slice 
preparation (Paper I). 
 
Utilizing whole-cell patch-clamp recordings in brain slices containing the mesencephalon we 
examined the effect of nicotine on posterior VTA DA neurons. Figure 5A (top) shows a typical 
action potential of a representative DA neuron, when recorded in the current-clamp mode, with its 
typical low threshold, broad action potential, and prominent afterhyperpolarization. The second 
derivative of this action potential originates the waveform (Fig. 5A, bottom) that has been utilized 
for cell identification of DA neurons in many in vivo extracellular studies (Grace and Bunney, 1983, 
1984), and qualitatively corresponds to the typical action potential recorded in vivo. DA neurons 
recorded under current-clamp mode displayed an average frequency of 1.8±0.1 Hz (n=102) and 
fired spontaneously in a clock-like, single-spike mode. Consistent with the literature (Pidoplichko et 
al., 1997), DA neurons responded to bath-applied nicotine (1 µM, 2 min) with a transient excitation 
of discharge rate (about 40%; Fig. 5B-D). This excitation peaked (137± 12.8 % of baseline, n=6), 
and was statistically significant (F6,41=8.03, P<0.0001, one-way ANOVA), during the first minute 
of application. Under voltage-clamp mode (Vholding= -70 mV), nicotine caused a transient inward 
current of 40.3±5.6 pA (n=6; Fig. 5F), due to rapid activation and desensitization of nAChRs 
(Pidoplichko et al., 1997). We next examined the effects of the three different FAEs (i.e. mAEA, 
OEA and PEA) on nicotine induced excitation of VTA DA neurons. These drugs were applied for 5 
min to assess whether they per se modulated spontaneous firing of DA neurons, and then co-applied 
with nicotine (1 µM). mAEA was tested at two different concentrations, 30 nM and 1 µM. The 
lower concentration of mAEA neither significantly affected spontaneous discharge rate of DA 
neurons nor modulated nicotine-evoked excitation (the peak of nicotine with mAEA was 
147.7±13.7 % of baseline firing rate, P=0.58, t-test, versus nicotine alone; Fig. 5E, G). Since this 
concentration of mAEA might have been too low, we next tested a concentration of 1 µM, which 
itself significantly enhanced firing rate of DA neurons to 370.6±110 % of baseline level 
(F5,125=21.74, n=6, P=0.0001, one-way ANOVA for repeated measures; data not shown). We asked 
whether mAEA-induced stimulation was due to activation of CB1 and/or TRPV1 receptors. The 
CB1 receptor antagonist AM281, at a concentration (500 nM) that fully reverses activation of CB1 
receptors by maximal concentrations of agonists (Melis et al., 2004a), had no effect on mAEA-
induced stimulation of DA neuron firing rate (F1,72=0.67, n=5, P=0.4365, two-way ANOVA; data 
not shown). On the other hand, this stimulation was completely blocked by the TRPV1 receptor 
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antagonist capsazepine (10 µM, F1,171=8.13, n=5-6, P=0.019, two-way ANOVA; data not shown). 
This observation is consistent with other studies showing that TRPV1 agonists stimulate DA neuron 
activity by enhancing glutamatergic synaptic transmission onto DA neurons (Marinelli et al., 2003). 
To isolate the agonistic activity of mAEA at CB1 receptors, or possibly at PPARα, and avoid 
TRPV1-induced excitation of DA cells that could mask or confound the effects of the subsequent 
application of nicotine, we applied nicotine in the presence of capsazepine. Under these 
circumstances, excitatory effects of nicotine were unmodified as compared to controls 
(151.4±13.5 % of baseline, t=0.77, n=6, P=0.4563, t-test; Fig. 5G), suggesting that CB1 receptor 
stimulation did not affect nicotine-induced excitation of DA neuron firing and that mAEA did not 
activate PPARα. 
Next, we tested two different non-cannabinoid FAEs, OEA and PEA. Interestingly, OEA (0.3, 1 
and 3 µM) dose-dependently prevented nicotine-induced excitation (97.44 ± 5% and 92.01 ± 7% of 
baseline at 1 and 3 µM, respectively; 1 µM: n=5, t=2.65, P=0.01; 3 µM: n=7, t=3.22, P=0.04; Fig. 
5H), without affecting DA neuron spontaneous activity during pre-application (Fig. 5E). The effects 
of OEA were mimicked by PEA (10 µM, 101.9 ± 3 % of baseline, n=6, t=2.66, P=0.01; Fig. 5E, G). 
Consistently, under voltage-clamp mode (Vholding= -70 mV), the nicotine-induced inward current 
was completely abolished when nicotine was perfused in the presence of OEA (3 µM, 5 min 
preapplication: -0.3±3.4 pA, n=6, t= 7.13, P=0.0004, paired t-test; Fig. 5F), or PEA (10 µM, 5 min 
preapplication: -0.6 ± 7.5 pA, N=5, t=4.442, P=0.001, paired t-test; Fig. 5F). During preapplication, 
OEA and PEA did not induce inward or outward currents onto DA neurons (data not shown). 
Based on these results, we expected that the PPARα antagonist MK886 would block the 
actions of OEA and PEA on nicotine-induced excitation. As predicted, when OEA or PEA were co-
applied with MK886 (300 nM), nicotine effects on firing rate of DA neurons were restored (155.8 ± 
16.6% and 163.8± 11.3% of baseline in the presence of OEA and PEA, respectively; OEA+MK886 
vs OEA alone: F2,323=7.59, n=8, P=0.004, two-way ANOVA; PEA+MK886 vs PEA alone: 
F1,228=4.84, n=8, P=0.04, two-way ANOVA; Fig.6A, B, C). MK886, when perfused either alone or 
in combination with OEA/PEA, did not alter spontaneous firing rate of VTA DA neurons (Fig. 6 C). 
However, MK886 significantly enhanced nicotine-induced activation of DA neurons (207 ± 27 % 
of baseline, MK886+nicotine vs nicotine: t=2.167, n=7, P<0.05, t-test; Fig. 6B).  
Next, we determined whether the synthetic PPARα agonist WY14643 would alter the effects of 
nicotine on DA cells. WY14643 (300 nM) was per se ineffective on DA neuronal firing rate, but 
fully prevented nicotine-induced excitation (83.7 ± 14.7 % of baseline, n=9, t=2.54, P=0.02; Fig. 
6D, E). The effect of WY14643 was also reversed by MK886 (167.7 ± 22.7 % of baseline; 
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WY14643+MK886 vs WY14643 alone: F1,228=5.30, n=5, P<0.05, two-way ANOVA Fig. 6D, E), 
confirming the role of PPARα in the modulation of DA neuron responses to nicotine.  
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Figure 5. Activation of dopamine neurons by nicotine is prevented by oleoylethanolamide (OEA) and 
palmitoylethanolamide (PEA) in vitro. (A) Typical action potential waveform of a dopamine neuron recorded under 
current-clamp mode (top panel) and its second derivative (bottom panel). (B), Representative traces of a dopamine 
neuron spontaneous activity during baseline level (top panel), nicotine application (nic, 1 µM for 2 min, middle panel) 
and wash out (bottom panel). (C) Rate histogram depicting an example of the effect of nicotine on dopamine neuron 
firing rate. The horizontal bar represents the time of nicotine application. (D) Time course of the excitatory effect of 
nicotine on dopamine neuron discharge rate (30-s bins). (E) OEA (3 µM) and PEA (10 µM), but not methanandamide 
(mAEA, 30 nM), blocked nicotine-induced activation of dopamine neurons. The dashed and the solid bars represent the 
times of fatty acid ethanolamide (OEA, PEA or mAEA) or nicotine application, respectively. (F) The bar graph shows 
that OEA (3µM and PEA 10µM) also blocked nicotine-induced inward currents (Iholding) when dopamine neurons were 
recorded under the voltage-clamp mode (Vhold= -70mV). The inset shows that nicotine (black line) caused a 47 pA 
inward current under voltage-clamp mode, which was completely abolished in the presence of OEA (3µM; OEA’s 
effect on Iholding is superimposed in light grey for comparison). The horizontal bar represents the time of nicotine 
application. (G) Bar graph summarizing the actions of mAEA (30 nM and 1 µM), OEA (3 µM) and PEA (10 µM) on 
nicotine-induced enhancement of dopamine neuron discharge rate (average of the first minute of nicotine perfusion). 
mAEA at 1 µM was perfused in the presence of capsazepine (CPZ, 10 µM) to prevent the vanilloid-induced excitation 
of dopamine neurons. (H) Dose-effect curve of OEA’s blockade of nicotine-induced excitation of dopamine neurons. 
Numbers above bars indicate the n values for each group of experiments. Data are expressed as mean ± s.e.m. * P< 0.05, 
** P< 0.01.  
 
Although it is well established that PPARα regulates gene expression (Berger and Moller, 
2002), the effects of OEA, PEA and WY14643 observed in the present study were fairly rapid in 
onset, thus ruling out gene induction as a possible mechanism, and suggesting a more likely 
nongenomic (Gardner et al., 2005) mechanism occurring in such a short time scale. Among many 
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diverse pathways, we chose to investigate the regulation of tyrosine kinases, because PPAR-α 
agonists have been shown to activate several tyrosine kinases, such as the Src family kinase (SFK) 
(Gardner et al., 2005), which phosphorylates and negatively regulates α7 nAChRs (Charpantier et 
al., 2005). 
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Figure 6. OEA and PEA block nicotine activation of dopamine neurons through a PPAR-α -mediated mechanism. (A) 
Representative traces of the spontaneous activity of a dopamine neuron during baseline (top panel), OEA (3 µM) + the 
PPAR-α antagonist MK886 (0.3 µM) pre-application (5 min, second panel), subsequent nicotine application (1 µM, 2 
min, third panel) and wash out (bottom panel). (B) Bar graph illustrating the effect of MK886 on nicotine-induced 
activation of VTA DA neurons and on OEA- and PEA-mediated inhibition of nicotine excitation (average of the first 
minute of nicotine perfusion). Note that activation of dopamine neurons by nicotine was fully restored when either 
OEA or PEA were co-applied with MK886. Notably, MK886 itself significantly potentiated nicotine-induced excitation. 
(C) Time course of the effect of MK886 (0.3 µM), alone or in combination with either OEA or PEA, on nicotine 
induced excitation. The dashed bar represents the time of fatty acid ethanolamide (OEA, PEA) + MK886 or MK886 
alone application. The solid bar represents the time of nicotine application. (D) Representative traces of dopamine 
neuron firing rate showing that the PPAR-α agonist WY14643 (300 nM) mimicked the actions of OEA and PEA by 
preventing nicotine-induced excitation (top panel), which was then restored by the co-application of MK886 (bottom 
panel). (E) Time course of the effect of nicotine on dopamine neuron firing rate in the presence of WY14643 (open 
symbols) or WY14643+MK886 (closed symbols). The dashed and the solid bars represent the times of PPAR-α 
agonist/antagonist or nicotine application, respectively. In the inset, the bar graph summarizes the effects of WY14643 
(WY) on nicotine-induced excitation of dopamine neuron firing rate (FR) with or without MK886. Numbers above bars 
indicate the n values for each group of experiments. Data are expressed as mean±s.e.m. * P< 0.05. 
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We hypothesized that phosphorylation of nAChRs could account for PPARα mediated inhibition of 
nicotine effects. To explore this possibility, we incubated slices with the general tyrosine kinase 
inhibitor genistein (10 µM), which has indirect effects on nAChRs arising from the inhibition of 
intracellular phosphorylation pathways. Experiments were conducted under voltage-clamp mode on 
nicotine-induced inward currents, since genistein had aspecific channel blocker properties which 
led to a complete blockade of action potential generation (data not shown). Genistein was able to 
prevent OEA blockade of nicotine effects and restored nicotine-evoked inward currents (37.8±4.4 
pA, n=6, t= 6.79, P<0.0001; Fig. 7A, B), demonstrating that inhibition of tyrosine kinases reverses 
the effect of PPARα activation. 
To investigate which tyrosine kinase phosphorylates and negatively modulates nAChRs, we 
focused on SFKs, on the basis of previous reports highlighting the role of SFK in the regulation of 
α7 nAChRs (Charpantier et al., 2005). The prediction was that inhibition of SFK would reverse the 
effects of OEA. To test this hypothesis, slices were incubated (1 h) and continuously perfused with 
the SFK inhibitor PP2 (10 µM). This treatment did not change electrophysiological features of 
recorded DA neurons (data not shown). However, PP2 failed to reverse OEA blockade of nicotine’s 
effects on DA cells under both voltage and current clamp modes. Indeed, in the presence of PP2, 
OEA abolished nicotine-induced inward currents (-1.4±5.7, n=5, t= 0.16, P>0.5; Fig. 7A, B) as well 
as the nicotine-induced enhancement of firing rate (100.9±7.1 % of baseline, F1,108=0.06, n=6, 
P=0.8, two-way ANOVA; Fig. 7C, D), suggesting that SFK is not involved in the negative 
modulation of nAChRs by PPARα agonists. 
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Figure 7. Tyrosine kinases, but not Src kinase, inhibition prevent OEA-induced blockade of nicotine effects. (A) In 
voltage-clamp mode, nicotine (1 µM, 2 min) caused a 43 pA inward current (top panel), that is blunted by OEA pre-
application (3 µM, 5 min; second panel). Pre-treatment with the general tyrosine kinase inhibitor genistein (10 µM, 5 
min) fully blocked OEA actions by restoring nicotine-induced inward current (third panel). However, pre-treatment 
with the selective Src kinase inhibitor PP2 (10 µM, bottom panel) failed to prevent OEA actions on nicotine-induced 
change in holding current (Iholding). (B) Bar graph summarizing the effects of OEA per se and in the presence of either 
kinase inhibitor on nicotine-induced inward current. (C) Representative traces of dopamine neuron firing rate showing 
that PP2 failed to prevent OEA’s action on nicotine-induced excitation (middle panel). (D) Bar graph summarizing the 
effect of OEA on nicotine-induced enhancement of dopamine neuron discharge rate (average of the first minute of 
nicotine perfusion) alone or in the presence of PP2. Numbers above bars indicate the n values for each group of 
experiments. Data are expressed as mean±s.e.m. * P< 0.05. 
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4.2. Interaction between PPARα and nAChRs in VTA DA cells: postsynaptic effects of 
PPARα modulation on VTA DA neurons, and the contribution of nAChRs in PPARα effects 
(Paper II).  
 
To characterize the postsynaptic effects of PPARα modulation on DA neurons, all experiments 
were performed in the presence of CNQX (10 µM), D-AP5 (100 µM) and picrotoxin (100 µM), in 
order to block AMPA-, NMDA- and GABAA-mediated postsynaptic responses. Figure 8 (A, B) 
shows that bath application of the PPARα antagonist MK886 (500 nM, 8 min) significantly 
increased the spontaneous activity of VTA DA neurons (about 275% above baseline, n=6; 
F19,100=3.308, P<0.0001, one-way ANOVA). Under voltage-clamp mode (Vholding= -70 mV), 
MK886 caused an inward current of 93.3 ± 29.3 pA (Figure 8 C). Both effects were reversible on 
wash out and blocked by the synthetic PPARα agonist WY14643 (Figure 9A,B; firing rate: 
WY14643+MK886 vs MK886 alone: F1,171=7.86, n=6, P=0.02, two-way ANOVA; Iholding: 10.0 ± 
2.6 pA, t=2.42, P=0.03, unpaired two-tailed t-test), at a dose (300 nM) per se ineffective (Fig. 6 
D,E). MK886 effect was concentration-dependent (Figure 9C; 100.8 ± 6.8 % and 434.9 ± 69.6% of 
baseline at 0.3 and 1 µM, respectively), and mimicked by the structurally dissimilar PPARα 
antagonist GW6471 (0.3-1 µM) (Figure 9C; 0.3 µM: 161.0 ± 15.97 % of baseline; 0.5 µM: 211.5 ± 
25.4% of baseline; 1 µM: 338.2 ± 47 % of baseline).  
1s
5
0
 m
v
B C
basal
wash out
A
MK886
0
100
200
300
fi
ri
n
g
 r
a
te
 (
%
 o
f 
b
a
s
e
li
n
e
)
400
500
600
time (min)
0 5 1510 20
60 s
5
0
 p
A
MK886
MK886
 
 
Figure 8. PPARα blockade activates VTA dopamine neurons in vitro. (A) MK886 application (0.5 µM) increases 
dopamine neuron spontaneous activity. Current-clamp recording from a dopamine neuron (left panel) and rate 
histogram depicting MK886 averaged effects (right panel). (B) In voltage-clamp mode MK886 caused an inward 
current (Vhold= -70 mV). 
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Figure 9. (A) WY14643 blocked MK886-induced activation of dopamine neurons and (B) the MK886-induced inward 
current. (C) Summary of dose-related effects of PPARα antagonists on dopamine neuronal frequency. Numbers above 
bars indicate n values. Data expressed as mean ± SEM. *p < 0.05; **p < 0.005. 
  
 
To examine the contribution of nAChRs to the effects of MK886, nAChRs were blocked by 
bath applying either mecamylamine (MEC, a non-competitive nAChR antagonist), 
methyllycaconitine (MLA, a specific antagonist for α7 subtype nAChRs) or dihydro-β-erythroidine 
(DHBE, a competitive antagonist for neuronal α4 containing nAChRs). Figure 10 (A,B) shows that 
MK886 (0.5 µM) actions on DA neuronal firing rate were prevented by MEC (100 µM, 5 min; 
F2,285=5.7, P=0.01, two-way ANOVA) and DHBE (1 µM, a dose per se ineffective on DA cell 
firing rate (Matsubayashi et al., 2003); 5 min: F1,90=4.97, P=0.05, two-way ANOVA), whereas 
MLA was ineffective (5 nM, 5 min; F1,190=0.86, P=0.4, two-way ANOVA). Additionally, DHBE 
blocked MK886-induced inward currents (Figure 10C; MK886+DHBE: -3.857 ± 18.9 pA, P= 
0.018), suggesting that most, if not all, of DA responses to MK886 were due to activation of α4 
subunit containing nAChRs. Since the α4 subunit generally assembles with the β2 subunit, we 
hypothesized that most of the effects would be mediated by postsynaptic α4β2-nAChRs. Therefore, 
we examined MK886 effects in β2-nAChR knock out (β2-/- ) mice. MK886-induced effects were 
absent in β2-/- mice (Figure 10D; two-way ANOVA F1,152=8.65, P=0.018; t=5.1, P=0.0005, unpaired 
t-test), whereas its effects in β2+/+ mice were comparable to those observed in juvenile rats.  
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Figure 10. MK886 enhances dopamine neuron activity through α4β2-nAChRs. (A and B) Time course of MK886 
effect, alone or together with mecamylamine (MEC) (100 µM), methyllycaconitine (MLA) (5 nM) or dihydro-β-
erythroidine (DHBE) (1 µM), on dopamine neuron activity. Grey and black bars represent time of nAChR antagonist or 
MK886 application, respectively. Insets show representative traces of dopamine neuron frequency. (C) Bar graph 
illustrating DHBE mean effect on MK886-induced inward current. Inset shows representative DHBE+MK886 effect on 
dopamine cell. Grey and black bars represent the time of DHBE and MK886 application, respectively. (D) MK886 
effects on dopamine neurons in β2-/- and β2+/+ mice under voltage-clamp (left panel) and current-clamp (right panel) 
modes. Inset shows a representative MK886 effect. 
 
To further characterize the relationship between MK886-induced current and membrane 
potential, 6-s voltage ramps ranging from -120 to +60 mV were applied to voltage-clamped DA 
neurons (Matsubayashi et al., 2003) in the absence and presence of MK886 (0.5 µM). The MK886-
induced net current was observed by subtracting currents in the presence of MK886 from those in 
the absence of MK886. When the MK886-induced current was compared with the one produced by 
nicotine (1 µM) under the same conditions, a strong correlation was found between the currents 
induced by both MK886 and nicotine (Figure 11) at all membrane potentials (Figure 12), 
particularly at resting membrane potential (i.e. -60 mV), thus suggesting a common site of action.  
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Figure 11. Current-voltage relationships in the absence and presence of either MK886 or nicotine when a voltage ramp 
was applied. In the voltage-clamp mode, 6 s voltage ramp waves ranging from -120 to 60 mV were applied to a whole 
cell patched dopamine neuron. The inset shows an example of the traces of net MK886- (dashed line) and net nicotine- 
(solid line) induced current-voltage relationships.  
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Figure 12. Left panel, Magnitude of currents induced by nicotine plotted as function of those induced by MK886 at 
membrane potential of -60 mV. Data fit by linear regression with r2 = 0.9481 (p < 0.001). Right panel, R2 for five cells 
in left panel plotted as a function of voltage membrane. 
 
 
 
The functional properties of nAChRs depend on the tyrosine phosphorylation status of the 
receptors, being the result of a balance between tyrosine kinases and phosphatases, which 
negatively and positively modulate nAChR-mediated currents, respectively (Charpantier et al., 
2005). To investigate the possibility that MK886 was modifying the status of nAChRs, we 
incubated, and continuously perfused, rat brain slices with the general tyrosine phosphatase 
inhibitor sodium orthovanadate (OVN, 1 mM), and then applied MK886 (0.5 µM, 5 min). We only 
performed voltage-clamp experiments because of OVN actions on hyperpolarization-activated 
cyclic nucleotide-gated channels, which prevented pacemaker-like spontaneous activity (Huang et 
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al., 2008). OVN prevented MK886-induced inward currents (Figure 13A; -3.714 ± 10.8 pA; t=2.93, 
P=0.01, unpaired t-test vs MK886 alone) without affecting nicotine-induced inward currents 
(OVN+nicotine: 27.29 ± 6.2 pA; nicotine: 40.33 ± 5.6; t=1.53, P=0.15, unpaired t-test vs nicotine 
alone; Fig. 13B), thus indicating that it blocked phosphatases downstream of PPARα. Thus, the 
present observations suggest that MK886 does not directly act on nAChRs, but increases sensitivity 
of high-affinity nAChRs to endogenous ACh in midbrain DA neurons.  
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Figure 13. PPARα blockade effects on dopamine neurons involve tyrosine phosphatases. (A) Under voltage-clamp 
mode, MK886 effect on dopamine neuron in presence (grey) or absence (black) of sodium-orthovanadate (OVN). (B) 
Under voltage-clamp mode, nicotine effects on dopamine neuron in the presence of OVN, and genisteine (GNST). 
Numbers above bars indicate n values. Data are expressed as mean ± SEM. *p < 0.05. 
 
Accordingly, when we enhanced endogenous ACh actions at nAChRs by applying both the ACh 
esterase inhibitor neostigmine (2 µM) and the muscarinic antagonist atropine (5 µM), we observed 
an increased DA cell firing rate (Figure 14A; 128.7 ± 7.6 % of basal, t=3.47, P=0.03, paired-t test), 
which was further enhanced in the presence of an ineffective dose of MK886 (0.3 µM, 5 min) 
(Figure 14B: 161.3 ± 5.5 % of basal, t=7.53, P=0.008, paired-t test). Consistently, the effects of 
nicotine (0.1-5 µM) were strongly enhanced in the presence of MK886 (0.3 µM) (Figure 14B: for 
example, nicotine 0.1 µM: 107.5 ± 10.5 % and 166.2 ± 17.7 % of baseline in the absence or 
presence of MK886, respectively; n=6 for both groups; Nicotine+MK886 vs Nicotine alone: t=2.85, 
P=0.008, unpaired t-test; and nicotine 5 µM: 157.7 ± 18.8 % and 306.8 ± 14.5 % of baseline in the 
absence or presence of MK886, respectively; n=5 for both groups; nicotine+MK886 vs nicotine 
alone: t=6.27, P=0.0001, unpaired t-test).  
To investigate the role of PPARα in more detail, we then tested the effects of the endogenous ligand 
for PPARα, OEA, on DA cell firing. OEA (10 µM) decreased DA neuronal discharge (Figure 
15A,B: F19,60=17.03, P<0.0001, one-way ANOVA) in a concentration-dependent fashion (Figure 
15D: 3 to 30 µM; 3 µM: 98.2±8.6 %, n=4, ; 10 µM: 27.7±16.5 %, n=4; 30 µM: 20.0±5.8 %, n=5), 
an effect reversed by MK886 (Figure 15C: 500 nM, 3 min; n=5, F1,133=32.40, P=0.0007, two-way 
ANOVA). 
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Figure 14. PPARα blockade increases efficacy of nAChR agonists. (A) Under current-clamp mode, effects of enhanced 
endogenous ACh levels acting at nAChRs (neostigmine+atropine) in presence or absence of MK886 (0.3 µM). (B) 
Current-clamp recording of a dopamine neuron (left panel) showing enhanced nicotine response in presence of MK886 
(0.3 µM). Dose-response curves depicting averaged effects of nicotine (right panel) on dopamine neurons in presence or 
absence of MK886. Numbers above bars indicate n values. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.005. 
 
 
The OEA effect was mimicked by two structurally different PPARα agonists, WY14643 (0.3-3 µM) 
and fenofibrate (1-10 µM) (Figure 15D, F). Fenofibrate was the least potent (1 µM: 134.2±30 %, 
n=6; 10 µM: 42.1±23.8 %, n=6; 30 µM: 24.3±4.9 %, n=5), and WY14643 the most potent (0.3 µM: 
75.8±15.5 %, n=5 ; 1 µM: 17.9±5 %, n=5; 3 µM: 5.9±0.5 %, n=4). In addition, under voltage-clamp 
mode, the three PPARα agonists also produced outward currents (Figure 15E; OEA 10 µM: 
45.4±5.7 pA; WY14643 1 µM: 27.3±5.1 pA; fenofibrate 3 µM: 43.6±7.05 pA), which were blocked 
by MK886 (Figure 15E). MK886 also reversed the effects produced by the two agonists on DA cell 
frequency (Figure 15F; WY14643: F1,171=7.83, P=0.02, two-way ANOVA; fenofibrate: F1,190=5.07, 
P=0.04, two-way ANOVA).  
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Figure 15. PPARα activation decreases VTA dopamine neuronal activity. (A) Current-clamp traces of a dopamine 
neuron before, during and after oleoylethanolamide (OEA) application (10 µM). Rate histogram depicting averaged 
OEA effects on dopamine neuron frequency in absence (B) and presence (C) of MK886 (0.5 µM). (D), Dose-response 
curves depicting averaged effects of PPARα agonists on dopamine neuron frequency. (E), Under voltage-clamp mode, 
effects of OEA (10 µM), WY14643 (WY; 1 µM) and fenofibrate (FRB; 10 µM) on dopamine neurons in absence (left 
panel) and presence (right panel) of MK886 (0.5 µM). (F), Under current-clamp mode, MK886 (0.5 µM) reversed the 
effects of both WY14643 (left panel) and fenofibrate (right panel) on dopamine neurons. Numbers above bars indicate n 
values. Data expressed as mean ± SEM. *p < 0.05. 
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Activation of PPARα has been shown to increase intracellular concentrations of reactive 
oxygen species (Teissier et al., 2004), such as hydrogen peroxide, which is produced by DA cells in 
an activity-dependent fashion and depresses firing rate of DA neurons through ATP-sensitive K+ 
channels (Avshalumov et al., 2005). Because hydrogen peroxide can also activate a tyrosine kinase 
(Wu et al., 2007), we tested the possibility that it might be involved in PPARα ligand actions by 
filling the DA cell with catalase (500 IU/ml), to rapidly inactivate hydrogen peroxide, and then bath 
applying OEA. Figure 16 (A,B) shows that, in the presence of catalase, OEA (10 µM, 5 min) failed 
to produce any inhibitory effect (OEA vs OEA+catalase: n=5, F1,112=16.87, P=0.003, two-way 
ANOVA), thus indicating hydrogen peroxide as a downstream effector of PPARα. Importantly, 
because depletion of intracellular hydrogen peroxide by including catalase in the patch pipette 
increases the spontaneous firing rate of midbrain DA neurons (Avshalumov et al., 2005), we can 
assume that OEA-induced increase in firing rate, which is comparable to the previously reported in 
the presence of catalase into DA cell compartment (Avshalumov et al., 2005), might be ascribed to 
a reduced hydrogen peroxide inhibitory physiological role. Nonetheless, if hydrogen peroxide 
production is also related to PPARα activation, then one would expect that under these conditions 
the effects of nicotine on DA cell frequency would be restored. When nicotine (1 µM, 2 min) was 
applied in the presence of both OEA (the lower dose of 3 µM that is ineffective on firing rate (Fig.5 
G, H), 7 min) and catalase (500 IU/ml), nicotine transiently increased the spontaneous activity of 
VTA DA neurons (Figure 16C,D: nicotine+OEA vs nicotine+OEA+catalase: n=5, t=3.57, P=0.005, 
two-tailed t test; nicotine+OEA+catalase vs OEA+catalase at 10min: P=0.0336, t= 2.493, paired t-
test) consistently with previous reports (Pidoplichko et al., 1997)(Fig. 5 B-D). As previously 
observed (Fig. 6C), here we observed a reduction of spontaneous activity following nicotine 
application in the presence of OEA. Although at this stage we cannot provide a definite explanation 
for this phenomenon, it is plausible that nicotine would desensitize β2-nAChRs more rapidly once 
PPARα are activated, with either a possible consequent internalization or run down of these 
receptors. Nonetheless, the recovery of nicotine effects on DA cell firing supports the hypothesis 
that activation of PPARα leads to hydrogen peroxide production and blocks nicotine effects on DA 
neuronal activity.  
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Figure 16. Hydrogen peroxide is downstream effector of PPARα. (A), Current-clamp recording of a dopamine neuron 
during bath application of OEA (10 µM) in absence or presence of catalase (500 U/I). (B), Time course of averaged 
effects of OEA (10 µM) on dopamine neuron frequency in the presence (open circles) and absence (grey area) of 
catalase. (C) Current-clamp recording of a dopamine neuron during nicotine (1 µM) and OEA (3 µM) application in the 
absence or presence of catalase. (D) Time course of OEA (3 µM) and OEA+nicotine averaged effects on dopamine 
neuronal activity in the presence (open circles) and absence (grey area) of catalase. The inset shows that nicotine 
produced an effect on firing rate (FR) in the presence of OEA (3 µM) and catalase. Catalase was applied through the 
recording pipette. Data expressed as mean ± SEM. *p < 0.05. 
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4.3. PPARα modulation of nAChRs in VTA DA neurons affects net VTA output both in vitro 
and in vivo (Paper II). 
 
To ensure that PPARα modulation of DA neuronal firing was not restricted to a certain DA 
subpopulation within the VTA, the effects of both MK886 and WY14643 were also investigated 
using extracellular evoked field potential recordings in horizontal brain slices (Nugent et al., 2008). 
Figure 17 (A) shows that MK886 (500 nM, 5 min) induced a significant change in both negative 
components of the field potential (i.e. N1 and N2) (N1 amplitude at time = 5 min was enhanced by 
about 25% of baseline, n= 6, t= 2.098, P=0.04, paired t-test;  N2 amplitude at time = 5 min was 
enhanced by about 50% of baseline, n= 6, t= 2.24, P=0.03, paired t-test). Conversely, WY14643 (1 
µM, 5 min) significantly reduced both components of the field potential (Figure 17B: N1 amplitude 
at time = 5 min was reduced by about 10% of basal, n=6, t=3.82, P=0.006, paired t-test; N2 
amplitude at time = 5 min was reduced by about 15% of basal, n=6, t=3.81, P=0.01, paired t-test). 
Although both components are similarly affected by PPARα modulation, in the next set of 
experiments we measured only the second negative potential (i.e. N2) because it has been shown to 
largely represent the postsynaptic responses of DA neurons (Zheng et al., 2006). Nonetheless, it 
should be noted that N2 component is the summation of stimulation-evoked postsynaptic responses 
of DA cells and of antidromic action potentials (Zheng et al., 2006), and, therefore, represents both 
synaptic and population spike components.   
To further examine the role played by nAChRs in the effect of PPARα activation, we bath applied 
WY14643 (1 µM, 5 min) in β2-/- mice. Figure 17 (C) shows that WY14643 failed to produce any 
effect on N2 amplitude when compared with β2+/+mice (F1,133=6.61, P=0.03, two-way ANOVA). 
Next, we took advantage of the β2-/- mice in which the Cre-inducible switching on for β2-nAChR 
gene was allowed only in DA neurons, thus selectively re-expressing the corresponding nAChR 
subunit exclusively in VTA DA cells by stereotaxically injecting a lentiviral vector (β2-DA-VEC 
mice) (Tolu et al., 2009). Importantly, in β2-DA-VEC mice WY14643 effect was restored (Figure 
17C: N2 amplitude at time = 5 min was reduced by about 25 % of basal, F4,76=18.30, P<0.0001, 
one-way ANOVA), and similar to its effect in β2+/+ mice (F1,133=0.01, P=0.998, two-way ANOVA). 
Remarkably, this gene-target strategy allows not only to dissect the functional role of β2-nAChRs 
on DA cells of the VTA (Tolu et al., 2009), but also to discriminate the contribution of DA 
neuronal activity to net VTA output (Zheng et al., 2006), and, ultimately, of PPARα.  
Because β2-nAChRs are key in controlling the firing rate/pattern of VTA DA cells (Mameli-
Engvall et al., 2006), we next examined whether PPARα activation affected the number of 
spontaneously active VTA DA neurons in vivo.  
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Neuronal sampling of the VTA was performed in anesthetized rats following administration of 
either WY14643 (40 mg/kg i.p., 15 min before the experiment) or vehicle. Acute administration of 
WY14643 reduced the number of spontaneously active DA neurons, since the mean (± S.E.M.) 
number of DA neurons encountered in the VTA was 1.51±0.2 and 0.97±0.2 cell/track in vehicle- 
and WY14643-treated animals, respectively (Figure 17D: t=2.21, P=0.02, unpaired t-test). The 
average spontaneous firing rate of DA cells was not different in vehicle- and WY14643-treated rats 
(Figure 17D; t=0.29, P=0.38, unpaired t-test), in agreement with the ineffectiveness of the dose 
tested on firing frequency (Melis et al., 2008).  
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Figure 17. PPARα activation reduces VTA output in vitro and in vivo. (A and B). Typical evoked field potential 
recordings showing effects of MK886 (0.5 µM, A) and WY14643 (1 µM, B) on field potential amplitude. Bin= 10 s. 
Traces from typical experiments (top), time-courses of  the effects of MK886 and WY14643 on N1 (middle) and N2 
(bottom) components, and the mean averaged responses (bar graph in insets) are shown. (C) Averaged N2 amplitude 
from the VTA of β2-/-, β2+/+ and β2-DA-VEC mice in response to WY14643 (1 µM). Bin= 1 min. (D) WY14643 (40 
mg/kg i.p.) decreases the number of VTA DA cells encountered during neuronal sampling in anesthetized rats (left 
panel), but not averaged firing frequency (right panel). Data expressed as mean ± SEM. *p < 0.05. 
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4.4. Behavioral correlate of PPARα modulation of nAChR stimulation: physiological 
relevance (Paper II and unpublished data). 
  
Since midbrain DA neuron activity is thought to be a substrate for nicotine-induced increases in 
spontaneous activity, we investigated whether activation of PPARα was involved in control of 
locomotion. Nicotine (0.02 mg/kg s.c.) was tested for its effects on locomotor activity of vehicle- 
and WY14643-treated mice. Figure 18 shows that in WY14643-treated mice (40 mg/kg i.p., 60 min 
before nicotine) nicotine-induced locomotor stimulation was markedly reduced (F1,112=11.60, 
P=0.0043, two-way ANOVA).  
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Figure 18. PPARα activation reduces nicotine-induced effects on locomotion. Time-course curve of nicotine (0.02 
mg/kg s.c.) effects on locomotor activity in WY14643- and vehicle- treated mice. Arrows indicate time of nicotine 
administration. Data expressed as mean ± SEM.  
 
 
Because  β2-nAChRs on VTA DA neurons are critical for nicotine-induced locomotor activation 
(King et al., 2004; Mineur et al., 2009), nicotine effects were tested on locomotion in β2-/- and β2-
DA-VEC mice. Figure 19 shows that re-expression of β2-nAChRs limited to DA cells of the VTA 
is sufficient to restore nicotine-dependent locomotor activation, which was absent in β2-/- mice 
(F1,96=9.16, P=0.01, two-way ANOVA). Remarkably, when we investigated whether PPARα 
activation was involved in control of locomotion by β2-nAChRs, we observed that in WY14643-
treated β2-DA-VEC mice nicotine-induced locomotor stimulation was markedly reduced 
(F1,96=5.02, P=0.04, two-way ANOVA, Fig.19) and comparable with β2-/- mice (F1,96=0.49, P=0.5, 
two-way ANOVA, Fig. 19). Notably, when WY14643 (40 mg/kg i.p.) was tested for its effects on 
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spontaneous locomotor activity, we observed no effect on this behaviour (40 mg/kg i.p. vs vehicle: 
F1,70=2.41, P=0.1427, two-way ANOVA; data not shown). 
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Figure 19. PPARα modulation of β2-nAChRs on VTA DA cells reduces nicotine-induced stimulation of locomotion. 
Time-course curve of nicotine (0.02 mg/kg s.c.) effects on locomotor activity in WY14643- and vehicle- treated β2-
DA-VEC mice compared with β2-/- mice. Arrows indicate time of nicotine administration. Data expressed as mean ± 
SEM.  
 
Prepulse inhibition of the acoustic startle response (PPI) has been proposed to act as a 
filtering mechanism to modulate responses to non-salient stimuli (Braff et al., 1995), and deficits in 
PPI appear to be related to stress (Grillon and Davis, 1997) as a result from an increased general 
level of alertness facilitating the processing of the prepulse.   
Because β2-nAChRs play a crucial role in mediating the switch from “basal” to “excited” states of 
VTA DA neurons (Mameli-Engvall et al., 2006), PPARα activation might make DA neurons less 
sensitive to external information. To test whether PPARα activation would protect animals by 
sensorimotor gating deficits elicited pharmacologically by a dopaminergic drug (apomorphine, 
APO 0.25mg/kg/ml s.c.), we administered WY14643 (40 mg/Kg i.p.) 30 min before either APO or 
saline treatment. Figure 20 shows that WY14643 robustly attenuated PPI in rats, relative to vehicle-
treated controls (WY+APO vs APO, F1,8=8.43, P=0.019, two-way ANOVA; VEH+APO vs 
VEH+VEH, F1,5=87.13, P=0.0002, two-way ANOVA ).  
But how PPARα signaling might modulate PPI is a critical issue. In fact, the time lag of the 
behavioral observations (30 min after systemic administration) does not necessarily rule out the 
involvement of transcriptional changes. However, since in principle the effects occurring after 10-
20 min can be attributed to non genomic mechanisms,  we measured FAE levels in midbrain slices 
during exposure (15-60 min) to WY14643 (3 µM). Figure 21 (A,B) shows that PPARα activation 
leads to increased levels of OEA and PEA (OEA: F3,8=20.35, P=0.0004, one-way ANOVA; PEA: 
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F3,8=19.19, P=0.0005, one-way ANOVA), but not AEA (F3,8=2.84, P=0.1, one-way ANOVA; Fig. 
22). The effect is time dependent and could involve a positive feedback (Barbier et al., 2004), 
where activation of PPARα leads to increased synthesis of its endogenous ligands (Fiedler et al., 
2001), which would result in an enhanced negative modulation of β2-nAChRs and might help 
explain the consequent relevant behavioral changes.  
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Figure 20. PPARα prevent apomorphine-induced disruption of PPI. Acute systemic administration of the PPARα 
synthetic agonist, WY14643 (WY 40 mg/kg), attenuates PPI in Sprague Dawley rats when administered as a single, 
intraperitoneal injection. Drug was administered 30 min before behavioral testing. Mean percentage prepulse inhibition 
(PPI) are represented in bars ± SEM. *p <0.05, *** p <0.0005 (two-way ANOVA). 
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Figure 21. Time course of OEA and PEA levels in horizontal midbrain slices following incubation of WY14643 (3 
µM). Values (mean ± SEM) are expressed as percentage molarity (nmol of FAE/nmol total lipids). *p < 0.05 one-way 
ANOVA. 
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Figure 22. Time course of AEA levels in horizontal midbrain slices following incubation of WY14643 (3 µM). Values 
(mean ± SEM) are expressed as percentage molarity (nmol of AEA/nmol total lipids). p > 0.5 one-way ANOVA. 
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5. DISCUSSION 
 
The main finding of the present thesis is that FAEs by engaging the nuclear receptors PPARα 
significantly contribute to the effects of endogenous cholinergic transmission mediated by β2-
nAChRs on DA neuron excitability. As a result, activation of PPARα by FAEs can prevent the 
effects of nicotine on both DA neuron firing rate and locomotor activity, as well as modulate 
sensorimotor gating as assayed by PPI.  
In 2008 this was, to our knowledge, the first evidence of an important functional role of this 
family of nuclear receptor transcription factors in the brain. Importantly, the findings of the present 
thesis also highlight the role of those FAEs devoid of cannabinoid actions (e.g. OEA, PEA) in the 
regulation of neuronal functions. In fact, the roles of these nuclear receptors in neuronal physiology 
and/or in the pathophysiological mechanisms of brain disorders are still largely unknown, and have 
long been overlooked, although they are ubiquitously distributed in the CNS (Moreno et al., 2004).  
Noteworthy, the discovery that both OEA and PEA, but not mAEA, block the effects of nicotine on 
DA neurons in vitro, and that these results were mimicked by the synthetic agonist of PPARα (i.e. 
WY14643) and prevented by the PPARα antagonist (i.e. MK886), shed the light into the many 
actions played by the noncannabinoid FAEs.  More interestingly, the finding that the effects of the 
tyrosine kinase inhibitor genistein, similarly to catalase, restored neuronal responses to nicotine 
suggested that nAChR phosphorylation and hydrogen peroxide production could account for the 
blockade operated by PPARα activation. Additionally, the present thesis supports the idea of a 
constitutive interaction between PPARα and tyrosine kinases, which in turn may tonically control 
the ratio of phosphorylated/dephosphorylated nAChRs (Figure 23).  
Although the present thesis does not provide direct evidence for β2-nAChRs to be phosphorylated 
following PPARα activation, this hypothesis is substantiated by pharmacological and genetic 
manipulations, which, although indirectly, support that PPARα negatively modulates β2-nAChRs in 
VTA DA cells through phosphorylation/dephosphorylation processes operated by tyrosine kinases 
and phosphatases. Hence, the whole cell patch clamp experiments show that PPARα blockade 
produces both an increased firing rate and an inward current in DA cells, which are blocked by 
DHBE, are absent in β2-/- mice and in the presence of sodium-orthovanadate, the general tyrosine 
phosphatase inhibitor. Conversely, a global decreased VTA DA cell excitability were also reported 
in β2-/- mice, thus supporting the hierarchical control by β2-nAChR of DA neuron activity (Mameli-
Engvall et al., 2006). Accordingly, the present electrophysiological experiments show a decreased 
VTA net output following PPARα activation in juvenile rats and β2+/+ mice, but not in β2-/- mice. 
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Figure 23. Schematic diagram illustrating the proposed mechanism of PPARα activation/blockade, and modulation of 
responses of DA neurons to nAChR agonists through a non-genomic mechanism. PPARα activation by endogenous and 
synthetic PPARα agonists (i.e. WY14643, fibrates) stimulate hydrogen peroxide production and subsequent activation 
of a tyrosine kinase (Tyr Kin). Tyrosine kinases, in turn, phosphorylate (P) of nAChRs, with a reduced response to the 
agonists and/or rapid internalization of nAChRs (C=closed state). Genistein, a general tyrosine kinase inhibitor, blocks 
the effects of PPAR-α activation. Catalase prevents downstream hydrogen peroxide actions. On the other hand, PPARα 
blockade (i.e. MK886, GW6471) prevents endogenous ligands (e.g. OEA, PEA) to act. Consequently, the balance 
between phosphorylated/dephosphorylated status of nAChRs is shifted towards “dephosphorylated nAChRs” through 
activation of a tyrosine phosphatase (tyr phosph) with a resulting enhanced response to nAChR agonists (i.e. Ach, 
nicotine) and/or promote their rapid expression on cell surface (O= open state) ). Sodium Orthovanadate (OVN), a 
general tyrosine phosphatase inhibitor, prevents the effects of PPAR-α blockade. ↓ : activation, ⊥: inhibition. Dashed 
grey arrows: inhibited pathway (adapted from Pistis and Melis, 2010). 
 
 
Remarkably, restoration of β2-nAChR only in the DA cells within the VTA re-established effects of 
PPARα activation, thus indicating β2-nAChRs as the ultimate targets of FAEs through PPARα in 
VTA DA neurons. Additionally, nicotine effects can be blocked and restored by inhibiting tyrosine 
kinase and phosphatase, respectively. Also, in agreement with the hypothesis that the number of 
functional cell surface nAChRs can be indirectly controlled through processes involving tyrosine 
phosphorylation (Wiesner and Fuhrer, 2006), we found that when the balance between active and 
inactive PPARα was shifted towards the inactive, both endogenous ACh and nicotine responses 
were enhanced, as if the β2-nAChRs were in an open state.  
The conclusion that FAEs through PPARα activation might help in controlling state and/or 
number of β2-nAChRs is compatible with the distribution of PPARα in the midbrain (Kainu et al., 
1994; Cullingford et al., 1998; Galan-Rodriguez et al., 2009), and provides a functional correlate 
for their cytoplasmic expression (Galan-Rodriguez et al., 2009). Indeed, although belonging to the 
family of nuclear receptor transcription factors (Zhu et al., 2000), non-genomic actions of PPARα 
activation have also been described (Barbier et al., 2004; Gardner et al., 2005; Scatena et al., 2007; 
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Melis et al., 2008; Ropero et al., 2009), and likely mediate the rapid-onset effects described in the 
present thesis. It can be, therefore, speculated that OEA and PEA -and more generally 
noncannabinoid FAEs- may be endogenous modulators of acetylcholine transmission, since 
stimulation of muscarinic receptors was shown to stimulate the biosynthesis of OEA and PEA 
(Stella and Piomelli, 2001). We, therefore, are tempted to describe an intriguing scenario where 
acetylcholine and FAEs reciprocally control each other. Thus, this novel mechanism of regulation 
of β2-nAChRs by FAEs through activation of PPARα may represent a new therapeutic avenue for 
the discovery of medications involving unbalance between the DA and cholinergic systems.  
Our hypothesis is substantiated in the present thesis by the changes in number of spontaneously 
active DA neurons in vivo following PPARα activation. This latter is consistent with both the 
decreased spontaneous activity of individual VTA DA neurons and the diminished VTA net output 
observed in vitro. Additionally, a functional consequence of modulation of DA neuron excitability 
by PPARα was the reversal of nicotine-induced increased locomotor activity by administration of a 
synthetic PPARα ligand as well as the blockade of nicotine-induced excitation of DA cells in vitro. 
Lastly, in the PPI assay, animals pretreated with PPARα agonist recovered significantly from the 
apomorphine-induced disruption of PPI. Taken altogether, these observations could even lead to 
conjecture that engagement of PPARα may have protective effects against the behavioral changes 
produced by DA agonist, and that PPARα agonists may elicit antipsychotic effects. While drawing 
a similar deduction might sound extreme, one cannot ignore that unexpected resolution of 
longstanding schizophrenic symptoms have been reported after starting a ketogenic diet (KD: high 
fat/adequate protein/low carbohydrate) (Pacheco et al., 1965; Kraft and Westman, 2009). 
Remarkably, both brain and peripheral tissue levels of FAEs change with high fat diets (Artmann et 
al., 2008; Hansen et al., 2009). Particularly, a 30% fat diet enriched in olive oil directly raises rat 
brain OEA (Artmann et al., 2008). Thus, one can predict that changes to fatty acid profile following 
KD may also directly modify FAE levels, which in turn would behave like brain PPARα-activating 
molecules (Cullingford, 2008). Accordingly, dietary fat, rather than protein or carbohydrate, 
stimulates OEA production, thus translating lipid nutrients into cellular lipid signals (Schwartz et al., 
2008). This might finally provide one plausible mechanism, among others, for the hitherto unsolved 
issue of how KD exerts anticonvulsant and antiepileptogenic actions. Hence, KD has been shown to 
diminish neuronal excitability of dentate gyrus and proved to be both anticonvulsant and 
antiepileptogenic (Bough et al., 2003; Bough and Rho, 2007). Further, both fenofibrate and KD 
exerted anticonvulsive properties, thus suggesting a common action on a PPARα-driven pathway 
(Porta et al., 2009). Accordingly, whole-cell patch clamp recordings from rat layer II/III cortical 
pyramidal cells revealed a protective effect of PPARα ligands in the nicotine-enhanced frequency 
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of spontaneous inhibitory postsynaptic current (sIPSC) (Melis and Pistis, unpublished observations), 
thus suggesting a plausible therapeutic application in the model of epileptogenesis in which 
acetylcholine significantly enhances cortical GABAergic transmission (Xiang et al., 1998; Klaassen 
et al., 2006). Negative modulation of α4β2-nAChRs by PPARα activation would, thus, prove 
particularly beneficial in this latter model (Klaassen et al., 2006), which is featured by 
asynchronously firing of layer II/III pyramidal cells synchronized after recovery from a large 
GABAergic inhibition triggered by cholinergic activation of “hyperactive” α4β2-nAChRs.  
 
The physiological relevance of the present findings lies in the dynamic interplay between 
the dopaminergic and cholinergic systems in major psychiatric disorders (Maskos, 2008; Rahman et 
al., 2008; Terry, 2008). Our current hypothesis is that FAEs, acting as small bioactive lipid 
molecules at PPARα, with consequent hydrogen peroxide production and activation of tyrosine 
kinase(s), are ultimately responsible for phosphorylation of β2-nAChRs. Accordingly, the cellular 
effects resulting from PPARα activation, such as decreased DA cell spontaneous activity and 
blockade of nicotine-induced excitation of DA neurons, are fully prevented when hydrogen 
peroxide half-life is reduced by raising the intracellular levels of catalase. Importantly, PPI was also 
acutely attenuated by the potent and highly selective ligand to PPARα, WY14634. But how might 
PPARα signaling modulate PPI is currently under investigation. Notably, the time lag of our 
behavioral observations does not rule out the involvement of transcriptional changes. Noteworthy, it 
has been previously reported that in rodents treatment with synthetic PPARα activators, such as 
WY14634, results in enhanced levels of endogenous PPARα activators in tissues such as liver, 
kidney and heart (Lee et al., 1995; Fiedler et al., 2001; Johnson et al., 2002; Barbier et al., 2004). 
Therefore, the behavioral changes should be interpreted with caution as regards the mechanism of 
action, since PPARα activation controls the synthesis of enzymes catalyzing its endogenous ligand 
synthesis only thorugh its “classic” mechanism. Nonetheless, given that β2-nAChRs play a crucial 
role in mediating the switch from “basal” to “excited” states of VTA DA neurons (Mameli-Engvall 
et al., 2006), the present thesis supports the role played by these receptors as a gate enabling DA 
cells to respond to excitatory afferents and, thereby, to switch between tonic and phasic activity 
(Maskos, 2008). Thus, we currently hypothesize that engagement of PPARα by FAEs, by making 
DA neurons less sensitive to external information, might translate into prevention of an erroneous 
attribution of saliency to otherwise irrelevant stimuli/events. Ultimately, FAEs through PPARα 
activation might modulate the mesolimbic DA pathway by decreasing the number of spontaneously 
active VTA DA neurons and, therefore, prove beneficial in those pathophysiological conditions, 
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such as stress or psychiatric disorders such as schizophrenia, attention-deficit hyperactivity disorder 
and binge eating, where a dysfunctional DA system plays a prominent role.  
Targeting PPARα might, thus, represent a promising therapeutic approach to prevent relapse to 
nicotine, which is often related to stress and/or incentive stimuli, which become conditioned once 
associated with previous drug use. Notably, a trend for the common NAPE-PLD haplotype has been 
recently reported to be protective not only for severe obesity but also for smoking (Wangensteen et 
al., 2010). It can be, therefore, speculated that the common NAPE-PLD haplotype might confer 
allostatic changes to adjust the set point and to grant less vulnerability to both severe obesity and 
tobacco smoking. Notably, Wangensteen et al (2010) did not consider noncannabinoid FAEs acting 
through PPARα as responsible for the significant clinically relevant genetic protective factor for 
both severe obesity and nicotine dependence. However, to our knowledge, OEA has been 
recognized as an important satiety factor (Rodriguez de Fonseca et al., 2001; Fu et al., 2003; 
Gaetani et al., 2003; Oveisi et al., 2004; Lo Verme et al., 2005; Fu et al., 2007; Schwartz et al., 
2008; Gaetani et al., 2010) and proposed as a valuable medication for the treatment of tobacco 
dependence (Melis et al., 2008; Mascia et al., 2010). 
Finally, the present thesis not only demonstrates that the actions of FAEs are not restricted to the 
periphery, but also suggests that modulation of neuronal responses to nicotine by noncannabinoid 
FAEs may represent an interesting extension of their peripheral biological properties. In fact, their 
central effects have long been neglected due to their poor ability to cross the blood brain barrier (but 
see Campolongo et al. 2009) and to their instability (Kilaru et al., 2010). Though additional 
research is needed to confirm the association between dietary change, metabolic consequences and 
the amelioration of symptoms in nicotine smokers and schizophrenic patients, we can no longer 
deny the fact that changes in brain lipid metabolism and/or composition, as well as variations of the 
levels of endogenous lipid signaling molecules exert unsuspected actions on neurotransmitter 
functions, which might be exploited therapeutically through nutritional and pharmacological 
strategies.
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 47
6. ACKNOWLEDGMENTS 
I would like to express my gratitude to the many people who contributed to this thesis.  
I wish to thank: 
My supervisor Professor Marco Pistis for sharing ideas and providing me with the perfect working 
conditions, exciting discussions, endless optimism during our struggles with the publication of the 
papers, and for his bright, enduring and friendly support and contributions to my work. I 
appreciated his advice, comments, and readiness to discuss any questions or ideas that I have had. 
My mentor Professor Gian Luigi Gessa, who, with his long lasting enthusiasm for science blended 
with ambition, geniality, generosity and great sense of humour, has taught me the Dos and Don’ts 
in science as well as to challenge conservative ideas.  
Past and present lab-mates of the Pistis lab for keeping up the wonderful atmosphere of the lab. 
Particularly, Anna Lisa Muntoni, as a stand-in big sister figure, for her friendly support and 
patience, for honoured me wisdom, for teaching me to not be afraid of being late, and for the many 
fascinating scientific and less scientific, though insightful, discussions. Stefano Carta, Salvatore 
Lecca and Antonio Luchicchi for providing a stimulating and fun work environment as well as for 
their routine mutual aid. It has been a pleasure to share with them the doctoral studies along with 
the glory and sadness of day-to-day research. 
Researchers at the Department of Neuroscience for making work more enjoyable. Particularly, 
Liana Fattore and Roberto Frau for their trust and friendship, and for sharing enthusiasm for my 
work, to which they contributed with their behavioral observations. 
Professor Sebastiano Banni, who provided me with the FAE measurement data that I regard as so 
important to add them in the present thesis. With his enthusiasm and great efforts to explain things 
clearly and simply, he helped to make the world of fatty acids fun for me. 
My parents, whose foresight and values paved the way for a privileged education, for their 
unconditioned love and unwavering faith in me at all the times. Particularly, my dad for teaching 
me to not be afraid of challenging conservative theories and of their supporters, and my mom for 
teaching me to always look at the half full cup.   
My family William T., Eleonora and William for their love and support, and for brightening up the 
day when it was needed. To William T. Dunn III I dedicate this thesis.  
 
 
 
 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 48
7. REFERENCES 
 
Adibhatla RM, Hatcher JF (2007) Role of Lipids in Brain Injury and Diseases. Future Lipidol 
2:403-422. 
Adler LE, Freedman R, Ross RG, Olincy A, Waldo MC (1999) Elementary phenotypes in the 
neurobiological and genetic study of schizophrenia. Biol Psychiatry 46:8-18. 
Akbiyik F, Ray DM, Gettings KF, Blumberg N, Francis CW, Phipps RP (2004) Human bone 
marrow megakaryocytes and platelets express PPARgamma, and PPARgamma agonists 
blunt platelet release of CD40 ligand and thromboxanes. Blood 104:1361-1368. 
Aleshin S, Grabeklis S, Hanck T, Sergeeva M, Reiser G (2009) Peroxisome proliferator-activated 
receptor (PPAR)-gamma positively controls and PPARalpha negatively controls 
cyclooxygenase-2 expression in rat brain astrocytes through a convergence on 
PPARbeta/delta via mutual control of PPAR expression levels. Mol Pharmacol 76:414-424. 
Ali FY, Davidson SJ, Moraes LA, Traves SL, Paul-Clark M, Bishop-Bailey D, Warner TD, 
Mitchell JA (2006) Role of nuclear receptor signaling in platelets: antithrombotic effects of 
PPARbeta. Faseb J 20:326-328. 
Anden NE, Dahlstrom A, Fuxe K, Larsson K (1966) Functional role of the nigro-neostriatal 
dopamine neurons. Acta Pharmacol Toxicol (Copenh) 24:263-274. 
Artmann A, Petersen G, Hellgren LI, Boberg J, Skonberg C, Nellemann C, Hansen SH, Hansen HS 
(2008) Influence of dietary fatty acids on endocannabinoid and N-acylethanolamine levels 
in rat brain, liver and small intestine. Biochim Biophys Acta 1781:200-212. 
Avale ME, Faure P, Pons S, Robledo P, Deltheil T, David DJ, Gardier AM, Maldonado R, Granon 
S, Changeux JP, Maskos U (2008) Interplay of beta2* nicotinic receptors and dopamine 
pathways in the control of spontaneous locomotion. Proc Natl Acad Sci U S A 105:15991-
15996. 
Avena NM (2007) Examining the addictive-like properties of binge eating using an animal model 
of sugar dependence. Exp Clin Psychopharmacol 15:481-491. 
Avshalumov MV, Chen BT, Koos T, Tepper JM, Rice ME (2005) Endogenous hydrogen peroxide 
regulates the excitability of midbrain dopamine neurons via ATP-sensitive potassium 
channels. J Neurosci 25:4222-4231. 
Bachur NR, Masek K, Melmon KL, Udenfriend S (1965) Fatty Acid Amides of Ethanolamine in 
Mammalian Tissues. J Biol Chem 240:1019-1024. 
Baler RD, Volkow ND (2006) Drug addiction: the neurobiology of disrupted self-control. Trends 
Mol Med 12:559-566. 
Balfour DJ (2004) The neurobiology of tobacco dependence: a preclinical perspective on the role of 
the dopamine projections to the nucleus accumbens [corrected]. Nicotine Tob Res 6:899-
912. 
Barbier O, Fontaine C, Fruchart JC, Staels B (2004) Genomic and non-genomic interactions of 
PPARalpha with xenobiotic-metabolizing enzymes. Trends Endocrinol Metab 15:324-330. 
Basavarajappa BS, Nixon RA, Arancio O (2009) Endocannabinoid system: emerging role from 
neurodevelopment to neurodegeneration. Mini Rev Med Chem 9:448-462. 
Bean AJ, Roth RH (1991) Effects of haloperidol administration on in vivo extracellular dopamine 
in striatum and prefrontal cortex after partial dopamine lesions. Brain Res 549:155-158. 
Bensinger SJ, Tontonoz P (2008) Integration of metabolism and inflammation by lipid-activated 
nuclear receptors. Nature 454:470-477. 
Berger J, Moller DE (2002) The mechanisms of action of PPARs. Annu Rev Med 53:409-435. 
Bjorklund A, Lindvall O (1975) Dopamine in dendrites of substantia nigra neurons: suggestions for 
a role in dendritic terminals. Brain Res 83:531-537. 
Blum K, Chen AL, Braverman ER, Comings DE, Chen TJ, Arcuri V, Blum SH, Downs BW, Waite 
RL, Notaro A, Lubar J, Williams L, Prihoda TJ, Palomo T, Oscar-Berman M (2008a) 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 49
Attention-deficit-hyperactivity disorder and reward deficiency syndrome. Neuropsychiatr 
Dis Treat 4:893-918. 
Blum K, Chen AL, Chen TJ, Braverman ER, Reinking J, Blum SH, Cassel K, Downs BW, Waite 
RL, Williams L, Prihoda TJ, Kerner MM, Palomo T, Comings DE, Tung H, Rhoades P, 
Oscar-Berman M (2008b) Activation instead of blocking mesolimbic dopaminergic reward 
circuitry is a preferred modality in the long term treatment of reward deficiency syndrome 
(RDS): a commentary. Theor Biol Med Model 5:24. 
Borrelli F, Izzo AA (2009) Role of acylethanolamides in the gastrointestinal tract with special 
reference to food intake and energy balance. Best Pract Res Clin Endocrinol Metab 23:33-
49. 
Bough KJ, Rho JM (2007) Anticonvulsant mechanisms of the ketogenic diet. Epilepsia 48:43-58. 
Bough KJ, Schwartzkroin PA, Rho JM (2003) Calorie restriction and ketogenic diet diminish 
neuronal excitability in rat dentate gyrus in vivo. Epilepsia 44:752-760. 
Braff DL, Swerdlow NR, Geyer MA (1995) Gating and habituation deficits in the schizophrenia 
disorders. Clin Neurosci 3:131-139. 
Brunzell DH, Picciotto MR (2009) Molecular mechanisms underlying the motivational effects of 
nicotine. Nebr Symp Motiv 55:17-30. 
Bunney BS, Aghajanian GK (1977) Electrophysiological studies of dopamine- innervated cells in 
the frontal cortex. Adv Biochem Psychopharmacol 16:65-70. 
Bunney BS, Walters JR, Roth RH, Aghajanian GK (1973) Dopaminergic neurons: effect of 
antipsychotic drugs and amphetamine on single cell activity. J Pharmacol Exp Ther 
185:560-571. 
Calignano A, La Rana G, Piomelli D (2001) Antinociceptive activity of the endogenous fatty acid 
amide, palmitylethanolamide. Eur J Pharmacol 419:191-198. 
Camp HS, Tafuri SR (1997) Regulation of peroxisome proliferator-activated receptor gamma 
activity by mitogen-activated protein kinase. J Biol Chem 272:10811-10816. 
Campolongo P, Roozendaal B, Trezza V, Cuomo V, Astarita G, Fu J, McGaugh JL, Piomelli D 
(2009) Fat-induced satiety factor oleoylethanolamide enhances memory consolidation. Proc 
Natl Acad Sci U S A 106:8027-8031. 
Carr DB, Sesack SR (2000) Projections from the rat prefrontal cortex to the ventral tegmental area: 
target specificity in the synaptic associations with mesoaccumbens and mesocortical 
neurons. J Neurosci 20:3864-3873. 
Chan GK, Deckelbaum RA, Bolivar I, Goltzman D, Karaplis AC (2001) PTHrP inhibits adipocyte 
differentiation by down-regulating PPAR gamma activity via a MAPK-dependent pathway. 
Endocrinology 142:4900-4909. 
Changeux JP (2010) Nicotine addiction and nicotinic receptors: lessons from genetically modified 
mice. Nat Rev Neurosci 11:389-401. 
Changeux JP, Kasai M, Lee CY (1970) Use of a snake venom toxin to characterize the cholinergic 
receptor protein. Proc Natl Acad Sci U S A 67:1241-1247. 
Charpantier E, Wiesner A, Huh KH, Ogier R, Hoda JC, Allaman G, Raggenbass M, Feuerbach D, 
Bertrand D, Fuhrer C (2005) Alpha7 neuronal nicotinic acetylcholine receptors are 
negatively regulated by tyrosine phosphorylation and Src-family kinases. J Neurosci 
25:9836-9849. 
Chen BT, Rice ME (2002) Synaptic regulation of somatodendritic dopamine release by glutamate 
and GABA differs between substantia nigra and ventral tegmental area. J Neurochem 
81:158-169. 
Christie MJ, Bridge S, James LB, Beart PM (1985) Excitotoxin lesions suggest an aspartatergic 
projection from rat medial prefrontal cortex to ventral tegmental area. Brain Res 333:169-
172. 
Clandinin MT, Foot M, Robson L (1983) Plasma membrane: can its structure and function be 
modulated by dietary fat? Comp Biochem Physiol B 76:335-339. 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 50
Coburn AF, Graham CE, Haninger J (1954) The effect of egg yolk in diets on anaphylactic arthritis 
(passive Arthus phenomenon) in the guinea pig. J Exp Med 100:425-435. 
Comings DE, Blum K (2000) Reward deficiency syndrome: genetic aspects of behavioral disorders. 
Prog Brain Res 126:325-341. 
Comings DE, Muhleman D, Gysin R (1996) Dopamine D2 receptor (DRD2) gene and susceptibility 
to posttraumatic stress disorder: a study and replication. Biol Psychiatry 40:368-372. 
Confaloni AM, D'Urso D, Salvati S, Serlupi Crescenzi G (1988) Dietary lipids and pathology of 
nervous system membranes. Ann Ist Super Sanita 24:171-177. 
Consilvio C, Vincent AM, Feldman EL (2004) Neuroinflammation, COX-2, and ALS--a dual role? 
Exp Neurol 187:1-10. 
Cravatt BF, Giang DK, Mayfield SP, Boger DL, Lerner RA, Gilula NB (1996) Molecular 
characterization of an enzyme that degrades neuromodulatory fatty-acid amides. Nature 
384:83-87. 
Cravatt BF, Demarest K, Patricelli MP, Bracey MH, Giang DK, Martin BR, Lichtman AH (2001) 
Supersensitivity to anandamide and enhanced endogenous cannabinoid signaling in mice 
lacking fatty acid amide hydrolase. Proc Natl Acad Sci U S A 98:9371-9376. 
Cristino L, Starowicz K, De Petrocellis L, Morishita J, Ueda N, Guglielmotti V, Di Marzo V (2008) 
Immunohistochemical localization of anabolic and catabolic enzymes for anandamide and 
other putative endovanilloids in the hippocampus and cerebellar cortex of the mouse brain. 
Neuroscience 151:955-968. 
Cullingford T (2008) Peroxisome proliferator-activated receptor alpha and the ketogenic diet. 
Epilepsia 49 Suppl 8:70-72. 
Cullingford TE, Bhakoo K, Peuchen S, Dolphin CT, Patel R, Clark JB (1998) Distribution of 
mRNAs encoding the peroxisome proliferator-activated receptor alpha, beta, and gamma 
and the retinoid X receptor alpha, beta, and gamma in rat central nervous system. J 
Neurochem 70:1366-1375. 
Dani JA (2001) Overview of nicotinic receptors and their roles in the central nervous system. Biol 
Psychiatry 49:166-174. 
de Kloet AD, Woods SC (2009) Minireview: Endocannabinoids and their receptors as targets for 
obesity therapy. Endocrinology 150:2531-2536. 
Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson D, Mandelbaum A, 
Etinger A, Mechoulam R (1992) Isolation and structure of a brain constituent that binds to 
the cannabinoid receptor. Science 258:1946-1949. 
Di Marzo V, Fontana A, Cadas H, Schinelli S, Cimino G, Schwartz JC, Piomelli D (1994) 
Formation and inactivation of endogenous cannabinoid anandamide in central neurons. 
Nature 372:686-691. 
Di Marzo V, Goparaju SK, Wang L, Liu J, Batkai S, Jarai Z, Fezza F, Miura GI, Palmiter RD, 
Sugiura T, Kunos G (2001) Leptin-regulated endocannabinoids are involved in maintaining 
food intake. Nature 410:822-825. 
Edelstein SJ, Changeux JP (1998) Allosteric transitions of the acetylcholine receptor. Adv Protein 
Chem 51:121-184. 
Egertova M, Simon GM, Cravatt BF, Elphick MR (2008) Localization of N-acyl 
phosphatidylethanolamine phospholipase D (NAPE-PLD) expression in mouse brain: A 
new perspective on N-acylethanolamines as neural signaling molecules. J Comp Neurol 
506:604-615. 
Ernst M, Zametkin AJ, Matochik JA, Pascualvaca D, Jons PH, Cohen RM (1999) High midbrain 
[18F]DOPA accumulation in children with attention deficit hyperactivity disorder. Am J 
Psychiatry 156:1209-1215. 
Escher P, Wahli W (2000) Peroxisome proliferator-activated receptors: insight into multiple cellular 
functions. Mutat Res 448:121-138. 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 51
Everitt BJ, Robbins TW (1997) Central cholinergic systems and cognition. Annu Rev Psychol 
48:649-684. 
Fahy E, Subramaniam S, Brown HA, Glass CK, Merrill AH, Jr., Murphy RC, Raetz CR, Russell 
DW, Seyama Y, Shaw W, Shimizu T, Spener F, van Meer G, VanNieuwenhze MS, White 
SH, Witztum JL, Dennis EA (2005) A comprehensive classification system for lipids. J 
Lipid Res 46:839-861. 
Fegley D, Gaetani S, Duranti A, Tontini A, Mor M, Tarzia G, Piomelli D (2005) Characterization 
of the fatty acid amide hydrolase inhibitor cyclohexyl carbamic acid 3'-carbamoyl-biphenyl-
3-yl ester (URB597): effects on anandamide and oleoylethanolamide deactivation. J 
Pharmacol Exp Ther 313:352-358. 
Feige JN, Auwerx J (2007) Transcriptional coregulators in the control of energy homeostasis. 
Trends Cell Biol 17:292-301. 
Feige JN, Gelman L, Michalik L, Desvergne B, Wahli W (2006) From molecular action to 
physiological outputs: peroxisome proliferator-activated receptors are nuclear receptors at 
the crossroads of key cellular functions. Prog Lipid Res 45:120-159. 
Fenster CP, Whitworth TL, Sheffield EB, Quick MW, Lester RA (1999a) Upregulation of surface 
alpha4beta2 nicotinic receptors is initiated by receptor desensitization after chronic exposure 
to nicotine. J Neurosci 19:4804-4814. 
Fenster CP, Hicks JH, Beckman ML, Covernton PJ, Quick MW, Lester RA (1999b) Desensitization 
of nicotinic receptors in the central nervous system. Ann N Y Acad Sci 868:620-623. 
Fenster CP, Beckman ML, Parker JC, Sheffield EB, Whitworth TL, Quick MW, Lester RA (1999c) 
Regulation of alpha4beta2 nicotinic receptor desensitization by calcium and protein kinase 
C. Mol Pharmacol 55:432-443. 
Ferre P (2004) The biology of peroxisome proliferator-activated receptors: relationship with lipid 
metabolism and insulin sensitivity. Diabetes 53 Suppl 1:S43-50. 
Fiedler J, Simon FR, Iwahashi M, Murphy RC (2001) Effect of peroxisome proliferator-activated 
receptor alpha activation on leukotriene B4 metabolism in isolated rat hepatocytes. J 
Pharmacol Exp Ther 299:691-697. 
Forget B, Coen KM, Le Foll B (2009) Inhibition of fatty acid amide hydrolase reduces 
reinstatement of nicotine seeking but not break point for nicotine self-administration-
comparison with CB(1) receptor blockade. Psychopharmacology (Berl). 
Freund TF, Katona I, Piomelli D (2003) Role of endogenous cannabinoids in synaptic signaling. 
Physiol Rev 83:1017-1066. 
Friedman A, Friedman Y, Dremencov E, Yadid G (2008) VTA dopamine neuron bursting is altered 
in an animal model of depression and corrected by desipramine. J Mol Neurosci 34:201-209. 
Fu J, Astarita G, Gaetani S, Kim J, Cravatt BF, Mackie K, Piomelli D (2007) Food intake regulates 
oleoylethanolamide formation and degradation in the proximal small intestine. J Biol Chem 
282:1518-1528. 
Fu J, Gaetani S, Oveisi F, Lo Verme J, Serrano A, Rodriguez De Fonseca F, Rosengarth A, Luecke 
H, Di Giacomo B, Tarzia G, Piomelli D (2003) Oleylethanolamide regulates feeding and 
body weight through activation of the nuclear receptor PPAR-alpha. Nature 425:90-93. 
Gaetani S, Oveisi F, Piomelli D (2003) Modulation of meal pattern in the rat by the anorexic lipid 
mediator oleoylethanolamide. Neuropsychopharmacology 28:1311-1316. 
Gaetani S, Fu J, Cassano T, Dipasquale P, Romano A, Righetti L, Cianci S, Laconca L, Giannini E, 
Scaccianoce S, Mairesse J, Cuomo V, Piomelli D (2010) The fat-induced satiety factor 
oleoylethanolamide suppresses feeding through central release of oxytocin. J Neurosci 
30:8096-8101. 
Galan-Rodriguez B, Suarez J, Gonzalez-Aparicio R, Bermudez-Silva FJ, Maldonado R, Robledo P, 
Rodriguez de Fonseca F, Fernandez-Espejo E (2009) Oleoylethanolamide exerts partial and 
dose-dependent neuroprotection of substantia nigra dopamine neurons. Neuropharmacology 
56:653-664. 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 52
Garcia-Rill E, Biedermann JA, Chambers T, Skinner RD, Mrak RE, Husain M, Karson CN (1995) 
Mesopontine neurons in schizophrenia. Neuroscience 66:321-335. 
Gardner OS, Dewar BJ, Graves LM (2005) Activation of mitogen-activated protein kinases by 
peroxisome proliferator-activated receptor ligands: an example of nongenomic signaling. 
Mol Pharmacol 68:933-941. 
Garzon M, Vaughan RA, Uhl GR, Kuhar MJ, Pickel VM (1999) Cholinergic axon terminals in the 
ventral tegmental area target a subpopulation of neurons expressing low levels of the 
dopamine transporter. J Comp Neurol 410:197-210. 
Geisler S, Derst C, Veh RW, Zahm DS (2007) Glutamatergic afferents of the ventral tegmental area 
in the rat. J Neurosci 27:5730-5743. 
Gelman L, Auwerx J (1999) Peroxisome proliferator-activated receptors: mediators of a fast food 
impact on gene regulation. Curr Opin Clin Nutr Metab Care 2:307-312. 
Gelman L, Fruchart JC, Auwerx J (1999) An update on the mechanisms of action of the peroxisome 
proliferator-activated receptors (PPARs) and their roles in inflammation and cancer. Cell 
Mol Life Sci 55:932-943. 
Gonon FG (1988) Nonlinear relationship between impulse flow and dopamine released by rat 
midbrain dopaminergic neurons as studied by in vivo electrochemistry. Neuroscience 24:19-
28. 
Gonon FG, Buda MJ (1985) Regulation of dopamine release by impulse flow and by autoreceptors 
as studied by in vivo voltammetry in the rat striatum. Neuroscience 14:765-774. 
Grace AA, Bunney BS (1983) Intracellular and extracellular electrophysiology of nigral 
dopaminergic neurons--1. Identification and characterization. Neuroscience 10:301-315. 
Grace AA, Bunney BS (1984) The control of firing pattern in nigral dopamine neurons: single spike 
firing. J Neurosci 4:2866-2876. 
Grace AA, Onn SP (1989) Morphology and electrophysiological properties of 
immunocytochemically identified rat dopamine neurons recorded in vitro. J Neurosci 
9:3463-3481. 
Green AI, Zimmet SV, Strous RD, Schildkraut JJ (1999) Clozapine for comorbid substance use 
disorder and schizophrenia: do patients with schizophrenia have a reward-deficiency 
syndrome that can be ameliorated by clozapine? Harv Rev Psychiatry 6:287-296. 
Greenbaum L, Lerer B (2009) Differential contribution of genetic variation in multiple brain 
nicotinic cholinergic receptors to nicotine dependence: recent progress and emerging open 
questions. Mol Psychiatry 14:912-945. 
Grillon C, Davis M (1997) Effects of stress and shock anticipation on prepulse inhibition of the 
startle reflex. Psychophysiology 34:511-517. 
Grosman C, Auerbach A (2000) Kinetic, mechanistic, and structural aspects of unliganded gating of 
acetylcholine receptor channels: a single-channel study of second transmembrane segment 
12' mutants. J Gen Physiol 115:621-635. 
Hansen HH, Schmid PC, Bittigau P, Lastres-Becker I, Berrendero F, Manzanares J, Ikonomidou C, 
Schmid HH, Fernandez-Ruiz JJ, Hansen HS (2001) Anandamide, but not 2-
arachidonoylglycerol, accumulates during in vivo neurodegeneration. J Neurochem 
78:1415-1427. 
Hansen HS, Diep TA (2009) N-acylethanolamines, anandamide and food intake. Biochem 
Pharmacol 78:553-560. 
Hansen HS, Moesgaard B, Hansen HH, Petersen G (2000) N-Acylethanolamines and precursor 
phospholipids - relation to cell injury. Chem Phys Lipids 108:135-150. 
Hansen SL, Nielsen AH, Knudsen KE, Artmann A, Petersen G, Kristiansen U, Hansen SH, Hansen 
HS (2009) Ketogenic diet is antiepileptogenic in pentylenetetrazole kindled mice and 
decrease levels of N-acylethanolamines in hippocampus. Neurochem Int 54:199-204. 
Heneka MT, Landreth GE (2007) PPARs in the brain. Biochim Biophys Acta 1771:1031-1045. 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 53
Heneka MT, Landreth GE, Hull M (2007) Drug insight: effects mediated by peroxisome 
proliferator-activated receptor-gamma in CNS disorders. Nat Clin Pract Neurol 3:496-504. 
Herve D, Pickel VM, Joh TH, Beaudet A (1987) Serotonin axon terminals in the ventral tegmental 
area of the rat: fine structure and synaptic input to dopaminergic neurons. Brain Res 435:71-
83. 
Howlett AC, Breivogel CS, Childers SR, Deadwyler SA, Hampson RE, Porrino LJ (2004) 
Cannabinoid physiology and pharmacology: 30 years of progress. Neuropharmacology 47 
Suppl 1:345-358. 
Hsi LC, Wilson L, Nixon J, Eling TE (2001) 15-lipoxygenase-1 metabolites down-regulate 
peroxisome proliferator-activated receptor gamma via the MAPK signaling pathway. J Biol 
Chem 276:34545-34552. 
Huang J, Huang A, Zhang Q, Lin YC, Yu HG (2008) Novel mechanism for suppression of 
hyperpolarization-activated cyclic nucleotide-gated pacemaker channels by receptor-like 
tyrosine phosphatase-alpha. J Biol Chem 283:29912-29919. 
Huganir RL, Greengard P (1983) cAMP-dependent protein kinase phosphorylates the nicotinic 
acetylcholine receptor. Proc Natl Acad Sci U S A 80:1130-1134. 
Hurst RS, Hajos M, Raggenbass M, Wall TM, Higdon NR, Lawson JA, Rutherford-Root KL, 
Berkenpas MB, Hoffmann WE, Piotrowski DW, Groppi VE, Allaman G, Ogier R, Bertrand 
S, Bertrand D, Arneric SP (2005) A novel positive allosteric modulator of the alpha7 
neuronal nicotinic acetylcholine receptor: in vitro and in vivo characterization. J Neurosci 
25:4396-4405. 
Itier V, Bertrand D (2001) Neuronal nicotinic receptors: from protein structure to function. FEBS 
Lett 504:118-125. 
Jackson MB (1986) Toward a mechanism of gating of chemically activated channels. Adv Neurol 
44:171-189. 
Jhaveri MD, Richardson D, Robinson I, Garle MJ, Patel A, Sun Y, Sagar DR, Bennett AJ, 
Alexander SP, Kendall DA, Barrett DA, Chapman V (2008) Inhibition of fatty acid amide 
hydrolase and cyclooxygenase-2 increases levels of endocannabinoid related molecules and 
produces analgesia via peroxisome proliferator-activated receptor-alpha in a model of 
inflammatory pain. Neuropharmacology 55:85-93. 
Johnson EF, Hsu MH, Savas U, Griffin KJ (2002) Regulation of P450 4A expression by 
peroxisome proliferator activated receptors. Toxicology 181-182:203-206. 
Johnson SW, North RA (1992a) Two types of neurone in the rat ventral tegmental area and their 
synaptic inputs. J Physiol 450:455-468. 
Johnson SW, North RA (1992b) Opioids excite dopamine neurons by hyperpolarization of local 
interneurons. J Neurosci 12:483-488. 
Johnson SW, Seutin V, North RA (1992) Burst firing in dopamine neurons induced by N-methyl-D-
aspartate: role of electrogenic sodium pump. Science 258:665-667. 
Kainu T, Wikstrom AC, Gustafsson JA, Pelto-Huikko M (1994) Localization of the peroxisome 
proliferator-activated receptor in the brain. Neuroreport 5:2481-2485. 
Karlin A (1967) On the application of "a plausible model" of allosteric proteins to the receptor for 
acetylcholine. J Theor Biol 16:306-320. 
Kathuria S, Gaetani S, Fegley D, Valino F, Duranti A, Tontini A, Mor M, Tarzia G, La Rana G, 
Calignano A, Giustino A, Tattoli M, Palmery M, Cuomo V, Piomelli D (2003) Modulation 
of anxiety through blockade of anandamide hydrolysis. Nat Med 9:76-81. 
Katz B, Thesleff S (1957) A study of the desensitization produced by acetylcholine at the motor 
end-plate. J Physiol 138:63-80. 
Kersten S, Desvergne B, Wahli W (2000) Roles of PPARs in health and disease. Nature 405:421-
424. 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 54
Kilaru A, Isaac G, Tamura P, Baxter D, Duncan SR, Venables BJ, Welti R, Koulen P, Chapman 
KD (2010) Lipid profiling reveals tissue-specific differences for ethanolamide lipids in mice 
lacking fatty acid amide hydrolase. Lipids 45:863-875. 
King SL, Caldarone BJ, Picciotto MR (2004) Beta2-subunit-containing nicotinic acetylcholine 
receptors are critical for dopamine-dependent locomotor activation following repeated 
nicotine administration. Neuropharmacology 47 Suppl 1:132-139. 
King SL, Marks MJ, Grady SR, Caldarone BJ, Koren AO, Mukhin AG, Collins AC, Picciotto MR 
(2003) Conditional expression in corticothalamic efferents reveals a developmental role for 
nicotinic acetylcholine receptors in modulation of passive avoidance behavior. J Neurosci 
23:3837-3843. 
Klaassen A, Glykys J, Maguire J, Labarca C, Mody I, Boulter J (2006) Seizures and enhanced 
cortical GABAergic inhibition in two mouse models of human autosomal dominant 
nocturnal frontal lobe epilepsy. Proc Natl Acad Sci U S A 103:19152-19157. 
Koob GF, Volkow ND (2010) Neurocircuitry of addiction. Neuropsychopharmacology 35:217-238. 
Kraft BD, Westman EC (2009) Schizophrenia, gluten, and low-carbohydrate, ketogenic diets: a 
case report and review of the literature. Nutr Metab (Lond) 6:10. 
Lacey MG (1993) Neurotransmitter receptors and ionic conductances regulating the activity of 
neurones in substantia nigra pars compacta and ventral tegmental area. Prog Brain Res 
99:251-276. 
Lacey MG, Mercuri NB, North RA (1989) Two cell types in rat substantia nigra zona compacta 
distinguished by membrane properties and the actions of dopamine and opioids. J Neurosci 
9:1233-1241. 
Lammel S, Hetzel A, Hackel O, Jones I, Liss B, Roeper J (2008) Unique properties of 
mesoprefrontal neurons within a dual mesocorticolimbic dopamine system. Neuron 57:760-
773. 
Laviolette SR (2007) Dopamine modulation of emotional processing in cortical and subcortical 
neural circuits: evidence for a final common pathway in schizophrenia? Schizophr Bull 
33:971-981. 
le Novere N, Zoli M, Lena C, Ferrari R, Picciotto MR, Merlo-Pich E, Changeux JP (1999) 
Involvement of alpha6 nicotinic receptor subunit in nicotine-elicited locomotion, 
demonstrated by in vivo antisense oligonucleotide infusion. Neuroreport 10:2497-2501. 
Lee SS, Pineau T, Drago J, Lee EJ, Owens JW, Kroetz DL, Fernandez-Salguero PM, Westphal H, 
Gonzalez FJ (1995) Targeted disruption of the alpha isoform of the peroxisome proliferator-
activated receptor gene in mice results in abolishment of the pleiotropic effects of 
peroxisome proliferators. Mol Cell Biol 15:3012-3022. 
Levin ED (1992) Nicotinic systems and cognitive function. Psychopharmacology (Berl) 108:417-
431. 
Lindvall O, Bjorklund A, Moore RY, Stenevi U (1974) Mesencephalic dopamine neurons 
projecting to neocortex. Brain Res 81:325-331. 
Linnet J, Moller A, Peterson E, Gjedde A, Doudet D (2009) Inverse association between 
dopaminergic neurotransmission and Iowa Gambling Task performance in pathological 
gamblers and healthy controls. Scand J Psychol. 
Lo Verme J, Gaetani S, Fu J, Oveisi F, Burton K, Piomelli D (2005) Regulation of food intake by 
oleoylethanolamide. Cell Mol Life Sci 62:708-716. 
Lonard DM, O'Malley BW (2006) The expanding cosmos of nuclear receptor coactivators. Cell 
125:411-414. 
Long DA, Martin AJ (1956) Factor in arachis oil depressing sensitivity to tuberculin in B.C.G.-
infected guineapigs. Lancet 270:464-466. 
Losel R, Wehling M (2003) Nongenomic actions of steroid hormones. Nat Rev Mol Cell Biol 4:46-
56. 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 55
Losel RM, Falkenstein E, Feuring M, Schultz A, Tillmann HC, Rossol-Haseroth K, Wehling M 
(2003) Nongenomic steroid action: controversies, questions, and answers. Physiol Rev 
83:965-1016. 
Lou HC, Rosa P, Pryds O, Karrebaek H, Lunding J, Cumming P, Gjedde A (2004) ADHD: 
increased dopamine receptor availability linked to attention deficit and low neonatal cerebral 
blood flow. Dev Med Child Neurol 46:179-183. 
Loughlin SE, Fallon JH (1983) Dopaminergic and non-dopaminergic projections to amygdala from 
substantia nigra and ventral tegmental area. Brain Res 262:334-338. 
Mameli-Engvall M, Evrard A, Pons S, Maskos U, Svensson TH, Changeux JP, Faure P (2006) 
Hierarchical control of dopamine neuron-firing patterns by nicotinic receptors. Neuron 
50:911-921. 
Margolis EB, Mitchell JM, Ishikawa J, Hjelmstad GO, Fields HL (2008) Midbrain dopamine 
neurons: projection target determines action potential duration and dopamine D(2) receptor 
inhibition. J Neurosci 28:8908-8913. 
Marinelli S, Di Marzo V, Berretta N, Matias I, Maccarrone M, Bernardi G, Mercuri NB (2003) 
Presynaptic facilitation of glutamatergic synapses to dopaminergic neurons of the rat 
substantia nigra by endogenous stimulation of vanilloid receptors. J Neurosci 23:3136-3144. 
Marubio LM, del Mar Arroyo-Jimenez M, Cordero-Erausquin M, Lena C, Le Novere N, de 
Kerchove d'Exaerde A, Huchet M, Damaj MI, Changeux JP (1999) Reduced antinociception 
in mice lacking neuronal nicotinic receptor subunits. Nature 398:805-810. 
Mascia P, Pistis M, Justinova Z, Panlilio LV, Luchicchi A, Lecca S, Scherma M, Fratta W, Fadda P, 
Barnes C, Redhi GH, Yasar S, Le Foll B, Tanda G, Piomelli D, Goldberg SR (2010) 
Blockade of Nicotine Reward and Reinstatement by Activation of Alpha-Type Peroxisome 
Proliferator-Activated Receptors. Biol Psychiatry. 
Maskos U (2008) The cholinergic mesopontine tegmentum is a relatively neglected nicotinic master 
modulator of the dopaminergic system: relevance to drugs of abuse and pathology. Br J 
Pharmacol 153 Suppl 1:S438-445. 
Maskos U, Molles BE, Pons S, Besson M, Guiard BP, Guilloux JP, Evrard A, Cazala P, Cormier A, 
Mameli-Engvall M, Dufour N, Cloez-Tayarani I, Bemelmans AP, Mallet J, Gardier AM, 
David V, Faure P, Granon S, Changeux JP (2005) Nicotine reinforcement and cognition 
restored by targeted expression of nicotinic receptors. Nature 436:103-107. 
Matsubayashi H, Amano T, Seki T, Sasa M, Sakai N (2003) Electrophysiological characterization 
of nicotine-induced excitation of dopaminergic neurons in the rat substantia nigra. J 
Pharmacol Sci 93:143-148. 
Maubourguet N, Lesne A, Changeux JP, Maskos U, Faure P (2008) Behavioral sequence analysis 
reveals a novel role for beta2* nicotinic receptors in exploration. PLoS Comput Biol 
4:e1000229. 
Mazzola C, Medalie J, Scherma M, Panlilio LV, Solinas M, Tanda G, Drago F, Cadet JL, Goldberg 
SR, Yasar S (2009) Fatty acid amide hydrolase (FAAH) inhibition enhances memory 
acquisition through activation of PPAR-alpha nuclear receptors. Learn Mem 16:332-337. 
McClernon FJ, Kollins SH (2008) ADHD and smoking: from genes to brain to behavior. Ann N Y 
Acad Sci 1141:131-147. 
McKenna NJ, O'Malley BW (2002a) Combinatorial control of gene expression by nuclear receptors 
and coregulators. Cell 108:465-474. 
McKenna NJ, O'Malley BW (2002b) Minireview: nuclear receptor coactivators--an update. 
Endocrinology 143:2461-2465. 
Mejias-Aponte CA, Drouin C, Aston-Jones G (2009) Adrenergic and noradrenergic innervation of 
the midbrain ventral tegmental area and retrorubral field: prominent inputs from medullary 
homeostatic centers. J Neurosci 29:3613-3626. 
Melis M, Spiga S, Diana M (2005) The dopamine hypothesis of drug addiction: hypodopaminergic 
state. Int Rev Neurobiol 63:101-154. 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 56
Melis M, Pistis M, Perra S, Muntoni AL, Pillolla G, Gessa GL (2004a) Endocannabinoids mediate 
presynaptic inhibition of glutamatergic transmission in rat ventral tegmental area dopamine 
neurons through activation of CB1 receptors. J Neurosci 24:53-62. 
Melis M, Pillolla G, Luchicchi A, Muntoni AL, Yasar S, Goldberg SR, Pistis M (2008) Endogenous 
fatty acid ethanolamides suppress nicotine-induced activation of mesolimbic dopamine 
neurons through nuclear receptors. J Neurosci 28:13985-13994. 
Melis M, Perra S, Muntoni AL, Pillolla G, Lutz B, Marsicano G, Di Marzo V, Gessa GL, Pistis M 
(2004b) Prefrontal cortex stimulation induces 2-arachidonoyl-glycerol-mediated suppression 
of excitation in dopamine neurons. J Neurosci 24:10707-10715. 
Melis M, Carta S, Fattore L, Tolu S, Yasar S, Goldberg SR, Fratta W, Maskos U, Pistis M (2010) 
Peroxisome proliferator-activated receptors-alpha modulate dopamine cell activity through 
nicotinic receptors. Biol Psychiatry 68:256-264. 
Melis M, Pillolla G, Bisogno T, Minassi A, Petrosino S, Perra S, Muntoni AL, Lutz B, Gessa GL, 
Marsicano G, Di Marzo V, Pistis M (2006) Protective activation of the endocannabinoid 
system during ischemia in dopamine neurons. Neurobiol Dis 24:15-27. 
Mercuri NB, Stratta F, Calabresi P, Bonci A, Bernardi G (1993) Activation of metabotropic 
glutamate receptors induces an inward current in rat dopamine mesencephalic neurons. 
Neuroscience 56:399-407. 
Mereu G, Yoon KW, Boi V, Gessa GL, Naes L, Westfall TC (1987) Preferential stimulation of 
ventral tegmental area dopaminergic neurons by nicotine. Eur J Pharmacol 141:395-399. 
Michalik L, Wahli W (2006) Involvement of PPAR nuclear receptors in tissue injury and wound 
repair. J Clin Invest 116:598-606. 
Michalik L, Wahli W (2008) PPARs Mediate Lipid Signaling in Inflammation and Cancer. PPAR 
Res 2008:134059. 
Michalik L, Auwerx J, Berger JP, Chatterjee VK, Glass CK, Gonzalez FJ, Grimaldi PA, Kadowaki 
T, Lazar MA, O'Rahilly S, Palmer CN, Plutzky J, Reddy JK, Spiegelman BM, Staels B, 
Wahli W (2006) International Union of Pharmacology. LXI. Peroxisome proliferator-
activated receptors. Pharmacol Rev 58:726-741. 
Mineur YS, Picciotto MR (2008) Genetics of nicotinic acetylcholine receptors: Relevance to 
nicotine addiction. Biochem Pharmacol 75:323-333. 
Mineur YS, Brunzell DH, Grady SR, Lindstrom JM, McIntosh JM, Marks MJ, King SL, Picciotto 
MR (2009) Localized low-level re-expression of high-affinity mesolimbic nicotinic 
acetylcholine receptors restores nicotine-induced locomotion but not place conditioning. 
Genes Brain Behav 8:257-266. 
Monod J, Wyman J, Changeux JP (1965) On the Nature of Allosteric Transitions: a Plausible 
Model. J Mol Biol 12:88-118. 
Moraes LA, Swales KE, Wray JA, Damazo A, Gibbins JM, Warner TD, Bishop-Bailey D (2007) 
Nongenomic signaling of the retinoid X receptor through binding and inhibiting Gq in 
human platelets. Blood 109:3741-3744. 
Moreno S, Farioli-Vecchioli S, Ceru MP (2004) Immunolocalization of peroxisome proliferator-
activated receptors and retinoid X receptors in the adult rat CNS. Neuroscience 123:131-145. 
Morishita J, Okamoto Y, Tsuboi K, Ueno M, Sakamoto H, Maekawa N, Ueda N (2005) Regional 
distribution and age-dependent expression of N-acylphosphatidylethanolamine-hydrolyzing 
phospholipase D in rat brain. J Neurochem 94:753-762. 
Nugent FS, Hwong AR, Udaka Y, Kauer JA (2008) High-frequency afferent stimulation induces 
long-term potentiation of field potentials in the ventral tegmental area. 
Neuropsychopharmacology 33:1704-1712. 
O'Sullivan SE (2007) Cannabinoids go nuclear: evidence for activation of peroxisome proliferator-
activated receptors. Br J Pharmacol 152:576-582. 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 57
Oakman SA, Faris PL, Kerr PE, Cozzari C, Hartman BK (1995) Distribution of 
pontomesencephalic cholinergic neurons projecting to substantia nigra differs significantly 
from those projecting to ventral tegmental area. J Neurosci 15:5859-5869. 
Okamoto Y, Morishita J, Tsuboi K, Tonai T, Ueda N (2004) Molecular characterization of a 
phospholipase D generating anandamide and its congeners. J Biol Chem 279:5298-5305. 
Orr-Urtreger A, Broide RS, Kasten MR, Dang H, Dani JA, Beaudet AL, Patrick JW (2000) Mice 
homozygous for the L250T mutation in the alpha7 nicotinic acetylcholine receptor show 
increased neuronal apoptosis and die within 1 day of birth. J Neurochem 74:2154-2166. 
Oveisi F, Gaetani S, Eng KT, Piomelli D (2004) Oleoylethanolamide inhibits food intake in free-
feeding rats after oral administration. Pharmacol Res 49:461-466. 
Overton PG, Clark D (1997) Burst firing in midbrain dopaminergic neurons. Brain Res Brain Res 
Rev 25:312-334. 
Pacheco A, Easterling WS, Pryer MW (1965) A Pilot Study of the Ketogenic Diet in Schizophrenia. 
Am J Psychiatry 121:1110-1111. 
Paladini CA, Robinson S, Morikawa H, Williams JT, Palmiter RD (2003) Dopamine controls the 
firing pattern of dopamine neurons via a network feedback mechanism. Proc Natl Acad Sci 
U S A 100:2866-2871. 
Paradiso K, Brehm P (1998) Long-term desensitization of nicotinic acetylcholine receptors is 
regulated via protein kinase A-mediated phosphorylation. J Neurosci 18:9227-9237. 
Picciotto MR, Corrigall WA (2002) Neuronal systems underlying behaviors related to nicotine 
addiction: neural circuits and molecular genetics. J Neurosci 22:3338-3341. 
Picciotto MR, Zoli M, Rimondini R, Lena C, Marubio LM, Pich EM, Fuxe K, Changeux JP (1998) 
Acetylcholine receptors containing the beta2 subunit are involved in the reinforcing 
properties of nicotine. Nature 391:173-177. 
Picciotto MR, Zoli M, Lena C, Bessis A, Lallemand Y, Le Novere N, Vincent P, Pich EM, Brulet P, 
Changeux JP (1995) Abnormal avoidance learning in mice lacking functional high-affinity 
nicotine receptor in the brain. Nature 374:65-67. 
Pidoplichko VI, DeBiasi M, Williams JT, Dani JA (1997) Nicotine activates and desensitizes 
midbrain dopamine neurons. Nature 390:401-404. 
Pistis M, Melis M (2010) From surface to nuclear receptors: the endocannabinoid family extends its 
assets. Curr Med Chem 17:1450-1467. 
Pitchford S, Day JW, Gordon A, Mochly-Rosen D (1992) Nicotinic acetylcholine receptor 
desensitization is regulated by activation-induced extracellular adenosine accumulation. J 
Neurosci 12:4540-4544. 
Pitchot W, Scantamburlo G, Ansseau M (2008) [Dopamine and depression: the forgotten 
neurotransmitter]. Rev Med Liege 63:378-384. 
Porta N, Vallee L, Lecointe C, Bouchaert E, Staels B, Bordet R, Auvin S (2009) Fenofibrate, a 
peroxisome proliferator-activated receptor-alpha agonist, exerts anticonvulsive properties. 
Epilepsia 50:943-948. 
Prisco S, Natoli S, Bernardi G, Mercuri NB (2002) Group I metabotropic glutamate receptors 
activate burst firing in rat midbrain dopaminergic neurons. Neuropharmacology 42:289-296. 
Rahman S, Lopez-Hernandez GY, Corrigall WA, Papke RL (2008) Neuronal nicotinic receptors as 
brain targets for pharmacotherapy of drug addiction. CNS Neurol Disord Drug Targets 
7:422-441. 
Reynolds JN, Wickens JR (2002) Dopamine-dependent plasticity of corticostriatal synapses. Neural 
Netw 15:507-521. 
Reynolds JN, Hyland BI, Wickens JR (2001) A cellular mechanism of reward-related learning. 
Nature 413:67-70. 
Richard D, Guesdon B, Timofeeva E (2009) The brain endocannabinoid system in the regulation of 
energy balance. Best Pract Res Clin Endocrinol Metab 23:17-32. 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 58
Ricote M, Glass CK (2007) PPARs and molecular mechanisms of transrepression. Biochim 
Biophys Acta 1771:926-935. 
Rodriguez de Fonseca F, Navarro M, Gomez R, Escuredo L, Nava F, Fu J, Murillo-Rodriguez E, 
Giuffrida A, LoVerme J, Gaetani S, Kathuria S, Gall C, Piomelli D (2001) An anorexic lipid 
mediator regulated by feeding. Nature 414:209-212. 
Ropero AB, Juan-Pico P, Rafacho A, Fuentes E, Bermudez-Silva FJ, Roche E, Quesada I, de 
Fonseca FR, Nadal A (2009) Rapid non-genomic regulation of Ca2+ signals and insulin 
secretion by PPAR alpha ligands in mouse pancreatic islets of Langerhans. J Endocrinol 
200:127-138. 
Rosa Neto P, Lou H, Cumming P, Pryds O, Gjedde A (2002) Methylphenidate-evoked potentiation 
of extracellular dopamine in the brain of adolescents with premature birth: correlation with 
attentional deficit. Ann N Y Acad Sci 965:434-439. 
Safran A, Sagi-Eisenberg R, Neumann D, Fuchs S (1987) Phosphorylation of the acetylcholine 
receptor by protein kinase C and identification of the phosphorylation site within the 
receptor delta subunit. J Biol Chem 262:10506-10510. 
Sagar DR, Kendall DA, Chapman V (2008) Inhibition of fatty acid amide hydrolase produces 
PPAR-alpha-mediated analgesia in a rat model of inflammatory pain. Br J Pharmacol 
155:1297-1306. 
Salamone FN, Zhou M, Auerbach A (1999) A re-examination of adult mouse nicotinic 
acetylcholine receptor channel activation kinetics. J Physiol 516 ( Pt 2):315-330. 
Sara SJ (2009) The locus coeruleus and noradrenergic modulation of cognition. Nat Rev Neurosci 
10:211-223. 
Sarter M, Bruno JP, Parikh V, Martinez V, Kozak R, Richards JB (2006) Forebrain dopaminergic-
cholinergic interactions, attentional effort, psychostimulant addiction and schizophrenia. 
Exs 98:65-86. 
Scatena R, Bottoni P, Martorana GE, Vincenzoni F, Botta G, Pastore P, Giardina B (2007) 
Mitochondria, ciglitazone and liver: a neglected interaction in biochemical pharmacology. 
Eur J Pharmacol 567:50-58. 
Scherma M, Panlilio LV, Fadda P, Fattore L, Gamaleddin I, Le Foll B, Justinova Z, Mikics E, 
Haller J, Medalie J, Stroik J, Barnes C, Yasar S, Tanda G, Piomelli D, Fratta W, Goldberg 
SR (2008) Inhibition of anandamide hydrolysis by cyclohexyl carbamic acid 3'-carbamoyl-
3-yl ester (URB597) reverses abuse-related behavioral and neurochemical effects of nicotine 
in rats. J Pharmacol Exp Ther 327:482-490. 
Schultz W (1997) Dopamine neurons and their role in reward mechanisms. Curr Opin Neurobiol 
7:191-197. 
Schwartz GJ, Fu J, Astarita G, Li X, Gaetani S, Campolongo P, Cuomo V, Piomelli D (2008) The 
lipid messenger OEA links dietary fat intake to satiety. Cell Metab 8:281-288. 
Semba K, Fibiger HC (1992) Afferent connections of the laterodorsal and the pedunculopontine 
tegmental nuclei in the rat: a retro- and antero-grade transport and immunohistochemical 
study. J Comp Neurol 323:387-410. 
Sergeeva MG, Aleshin SE, Grabeklis S, Reiser G (2010) PPAR activation has dichotomous control 
on the expression levels of cytosolic and secretory phospholipase A(2) in astrocytes; 
inhibition in naive, untreated cells and enhancement in LPS-stimulated cells. J Neurochem. 
Sesack SR, Pickel VM (1992) Prefrontal cortical efferents in the rat synapse on unlabeled neuronal 
targets of catecholamine terminals in the nucleus accumbens septi and on dopamine neurons 
in the ventral tegmental area. J Comp Neurol 320:145-160. 
Seutin V, Johnson SW, North RA (1993) Apamin increases NMDA-induced burst-firing of rat 
mesencephalic dopamine neurons. Brain Res 630:341-344. 
Sheskin T, Hanus L, Slager J, Vogel Z, Mechoulam R (1997) Structural requirements for binding of 
anandamide-type compounds to the brain cannabinoid receptor. J Med Chem 40:659-667. 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 59
Shi Y, Hon M, Evans RM (2002) The peroxisome proliferator-activated receptor delta, an integrator 
of transcriptional repression and nuclear receptor signaling. Proc Natl Acad Sci U S A 
99:2613-2618. 
Showalter VM, Compton DR, Martin BR, Abood ME (1996) Evaluation of binding in a transfected 
cell line expressing a peripheral cannabinoid receptor (CB2): identification of cannabinoid 
receptor subtype selective ligands. J Pharmacol Exp Ther 278:989-999. 
Starowicz K, Nigam S, Di Marzo V (2007) Biochemistry and pharmacology of endovanilloids. 
Pharmacol Ther 114:13-33. 
Starowicz K, Cristino L, Di Marzo V (2008) TRPV1 receptors in the central nervous system: 
potential for previously unforeseen therapeutic applications. Curr Pharm Des 14:42-54. 
Stella N, Piomelli D (2001) Receptor-dependent formation of endogenous cannabinoids in cortical 
neurons. Eur J Pharmacol 425:189-196. 
Suarez J, Bermudez-Silva FJ, Mackie K, Ledent C, Zimmer A, Cravatt BF, de Fonseca FR (2008) 
Immunohistochemical description of the endogenous cannabinoid system in the rat 
cerebellum and functionally related nuclei. J Comp Neurol 509:400-421. 
Sun Y, Bennett A (2007) Cannabinoids: A New Group of Agonists of PPARs. PPAR Res 
2007:23513. 
Taly A, Corringer PJ, Guedin D, Lestage P, Changeux JP (2009) Nicotinic receptors: allosteric 
transitions and therapeutic targets in the nervous system. Nat Rev Drug Discov 8:733-750. 
Taly A, Delarue M, Grutter T, Nilges M, Le Novere N, Corringer PJ, Changeux JP (2005) Normal 
mode analysis suggests a quaternary twist model for the nicotinic receptor gating 
mechanism. Biophys J 88:3954-3965. 
Tapper AR, McKinney SL, Nashmi R, Schwarz J, Deshpande P, Labarca C, Whiteaker P, Marks 
MJ, Collins AC, Lester HA (2004) Nicotine activation of alpha4* receptors: sufficient for 
reward, tolerance, and sensitization. Science 306:1029-1032. 
Teissier E, Nohara A, Chinetti G, Paumelle R, Cariou B, Fruchart JC, Brandes RP, Shah A, Staels 
B (2004) Peroxisome proliferator-activated receptor alpha induces NADPH oxidase activity 
in macrophages, leading to the generation of LDL with PPAR-alpha activation properties. 
Circ Res 95:1174-1182. 
Terry AV, Jr. (2008) Role of the central cholinergic system in the therapeutics of schizophrenia. 
Curr Neuropharmacol 6:286-292. 
Tolu S, Avale ME, Nakatani H, Pons S, Parnaudeau S, Tronche F, Vogt A, Monyer H, Vogel R, de 
Chaumont F, Olivo-Marin JC, Changeux JP, Maskos U (2009) A versatile system for the 
neuronal subtype specific expression of lentiviral vectors. Faseb J. 
Tschudy DP, Bonkowsky HL (1973) A steady state model of sequential irreversible enzyme 
reactions. Mol Cell Biochem 2:55-62. 
Tsuboi K, Takezaki N, Ueda N (2007) The N-acylethanolamine-hydrolyzing acid amidase (NAAA). 
Chem Biodivers 4:1914-1925. 
Tsuboi K, Sun YX, Okamoto Y, Araki N, Tonai T, Ueda N (2005) Molecular characterization of N-
acylethanolamine-hydrolyzing acid amidase, a novel member of the choloylglycine 
hydrolase family with structural and functional similarity to acid ceramidase. J Biol Chem 
280:11082-11092. 
Ungerstedt U (1971) Stereotaxic mapping of the monoamine pathways in the rat brain. Acta Physiol 
Scand Suppl 367:1-48. 
Ungless MA, Magill PJ, Bolam JP (2004) Uniform inhibition of dopamine neurons in the ventral 
tegmental area by aversive stimuli. Science 303:2040-2042. 
Volkow ND, Fowler JS, Wang GJ, Swanson JM (2004) Dopamine in drug abuse and addiction: 
results from imaging studies and treatment implications. Mol Psychiatry 9:557-569. 
Volkow ND, Wang GJ, Newcorn J, Telang F, Solanto MV, Fowler JS, Logan J, Ma Y, Schulz K, 
Pradhan K, Wong C, Swanson JM (2007a) Depressed dopamine activity in caudate and 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 60
preliminary evidence of limbic involvement in adults with attention-deficit/hyperactivity 
disorder. Arch Gen Psychiatry 64:932-940. 
Volkow ND, Wang GJ, Newcorn J, Fowler JS, Telang F, Solanto MV, Logan J, Wong C, Ma Y, 
Swanson JM, Schulz K, Pradhan K (2007b) Brain dopamine transporter levels in treatment 
and drug naive adults with ADHD. Neuroimage 34:1182-1190. 
Volkow ND, Wang GJ, Kollins SH, Wigal TL, Newcorn JH, Telang F, Fowler JS, Zhu W, Logan J, 
Ma Y, Pradhan K, Wong C, Swanson JM (2009) Evaluating dopamine reward pathway in 
ADHD: clinical implications. Jama 302:1084-1091. 
Waddington JL, Cross AJ (1978) Denervation supersensitivity in the striatonigral GABA pathway. 
Nature 276:618-620. 
Wangensteen T, Akselsen H, Holmen J, Undlien D, Retterstol L (2010) A Common Haplotype in 
NAPEPLD Is Associated With Severe Obesity in a Norwegian Population-Based Cohort 
(the HUNT Study). Obesity (Silver Spring). 
Wei BQ, Mikkelsen TS, McKinney MK, Lander ES, Cravatt BF (2006) A second fatty acid amide 
hydrolase with variable distribution among placental mammals. J Biol Chem 281:36569-
36578. 
Wenk MR (2005) The emerging field of lipidomics. Nat Rev Drug Discov 4:594-610. 
Wiesner A, Fuhrer C (2006) Regulation of nicotinic acetylcholine receptors by tyrosine kinases in 
the peripheral and central nervous system: same players, different roles. Cell Mol Life Sci 
63:2818-2828. 
Wightman RM, Robinson DL (2002) Transient changes in mesolimbic dopamine and their 
association with 'reward'. J Neurochem 82:721-735. 
Wiley JL, Martin BR (2002) Cannabinoid pharmacology: implications for additional cannabinoid 
receptor subtypes. Chem Phys Lipids 121:57-63. 
Wise RA (2004) Dopamine, learning and motivation. Nat Rev Neurosci 5:483-494. 
Wu YN, Martella G, Johnson SW (2007) Rotenone enhances N-methyl-D-aspartate currents by 
activating a tyrosine kinase in rat dopamine neurons. Neuroreport 18:1813-1816. 
Xiang Z, Huguenard JR, Prince DA (1998) Cholinergic switching within neocortical inhibitory 
networks. Science 281:985-988. 
Xu HE, Stanley TB, Montana VG, Lambert MH, Shearer BG, Cobb JE, McKee DD, Galardi CM, 
Plunket KD, Nolte RT, Parks DJ, Moore JT, Kliewer SA, Willson TM, Stimmel JB (2002) 
Structural basis for antagonist-mediated recruitment of nuclear co-repressors by PPARalpha. 
Nature 415:813-817. 
Young LJ, Wang Z (2004) The neurobiology of pair bonding. Nat Neurosci 7:1048-1054. 
Yu S, Reddy JK (2007) Transcription coactivators for peroxisome proliferator-activated receptors. 
Biochim Biophys Acta 1771:936-951. 
Zhang B, Berger J, Hu E, Szalkowski D, White-Carrington S, Spiegelman BM, Moller DE (1996a) 
Negative regulation of peroxisome proliferator-activated receptor-gamma gene expression 
contributes to the antiadipogenic effects of tumor necrosis factor-alpha. Mol Endocrinol 
10:1457-1466. 
Zhang B, Berger J, Zhou G, Elbrecht A, Biswas S, White-Carrington S, Szalkowski D, Moller DE 
(1996b) Insulin- and mitogen-activated protein kinase-mediated phosphorylation and 
activation of peroxisome proliferator-activated receptor gamma. J Biol Chem 271:31771-
31774. 
Zhao-Shea R, Cohen BN, Just H, McClure-Begley T, Whiteaker P, Grady SR, Salminen O, Gardner 
PD, Lester HA, Tapper AR (2010) Dopamine D2-receptor activation elicits akinesia, 
rigidity, catalepsy, and tremor in mice expressing hypersensitive {alpha}4 nicotinic 
receptors via a cholinergic-dependent mechanism. Faseb J 24:49-57. 
Zheng F, Johnson SW (2002) Group I metabotropic glutamate receptor-mediated enhancement of 
dopamine cell burst firing in rat ventral tegmental area in vitro. Brain Res 948:171-174. 
Fatty acid ethanolamides pinpoint nicotinic receptors and modulate neuronal excitability through nuclear receptor PPARα 
 61
Zheng Y, Sudou K, Nawa H, Namba H (2006) Field potential recording in the ventral tegmental 
area: pharmacological and toxicological evaluations of postsynaptic dopaminergic neuron 
activity. Neurosci Res 55:426-433. 
Zhu Y, Kan L, Qi C, Kanwar YS, Yeldandi AV, Rao MS, Reddy JK (2000) Isolation and 
characterization of peroxisome proliferator-activated receptor (PPAR) interacting protein 
(PRIP) as a coactivator for PPAR. J Biol Chem 275:13510-13516. 
 
 
